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Abstract
The scope of this research project was the design of an integrated PWR containment
concept that allows heat to be rejected passively to the environment. A state-of-the-art double
enclosure containment (an Ebasco design) was modified, and augmented with several features
that enhance heat storage, redistribution and rejection: primarily a 80 % increase in free volume
and the addition of air/water inlet and outlet vents in the concrete shield to create an air-
convection annulus, which allows air-cooling on the upper part of the shell; an external water
pool, which covers the lower part of the containment; and an internal water pool, which is
located at the bottom of the lower containment. The performance of the proposed passively
cooled containment was evaluated using a subdivided volume code, GOTHIC Version 3.4e.
Two experiments were carried out to support the computer predictions. The first
experiment was designed to test the performance of the external moat; it was shown that free
convection is highly effective in the expected range of operation, and that the potential for
thermal-stratification of the moat depends on the axial temperature distribution of the shell. The
second experiment was used to verify the ability of the GOTHIC code to predict thermal-
stratification of the in-containment atmosphere. A modeling technique (boundary layer model)
was devised to properly estimate heat transfer along the containment shell, and thus the pressure
limitation due to low-lying features.
An in-depth verification of modeling techniques, in general, and GOTHIC code logic, in
particular, was performed. The impact of input variable selection (mesh sizes, subvolume
characteristics, heat sinks, flow paths) was assessed. The ability of the GOTHIC code to
accurately predict thermal stratification, the effect of asymmetries, and the boundary layer flow
along the steel shell was verified.
A model of the proposed containment with all the features described was input into
GOTHIC. The behavior of this integrated containment was evaluated for the worst-case large
break loss of coolant accident and the worst-case main steam line break accident scenarios. The
peak pressure predicted by the code for this containment configuration remained below 0.45 MPa
during either transient. The proposed containment was shown to remain below all design limits
(internal wall pressure differences, equipment qualification temperatures, pressure restoration
time). The capability for hydrogen mitigation using recombiners was demonstrated.
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CHAPTER 1.
INTRODUCTION
The importance of containment structures was recognized early in the development of
power producing nuclear reactors. The first reactors that entered commercial operation in
the US were equipped with controlled leakage containments. Knolls Atomic Power Labs
introduced the use of a containment in their submarine intermediate reactor facility in
West Milton, NY; this containment set the precedent for locating reactors near populated
centers. [Russell, 1962] The 1957 Windscale accident [Thompson and Beckerly, 1964]
demonstrated that a leak-tight structure is essential in containing radioactive releases that
can escape the coolant system boundary during an accident. The 1979 Three Mile Island
accident [Kemeny, 1979], showed that a containment can effectively mitigate the
consequences of an accident. The absence of a leak-tight containment significantly
aggravated the consequences of the 1986 Chernobyl accident [NUREG-1250, 1987].
The primary scope of this research was to design a containment for a large rating PWR
which makes it possible to reject by passive means the entire heat necessary to maintain
conditions inside the containment below design limits during any postulated design basis
accident. This eliminates the need to employ active features for containment cooling, and
subscribes to guidelines set forth for passive reactor systems. [EPRI, 1987] The second
major goal of this research was to develop an analysis methodology that is sufficiently
reliable to assess that containment conditions remain below design values during any
postulated design basis accident.
1.1 Reactor Containments
The reactor containment is part of the defense-in-depth concept which is implemented in
reactor design. The defense-in-depth concept refers to a series of barriers limiting the
release of radioactive materials into the environment. The fuel matrix (e.g., the UO 2 in
the fuel pellets of light water reactors) is the first of these barriers, followed by the fuel
cladding as the next barrier. Should the fuel cladding be breached, the reactor coolant
system pressure boundary becomes the next barrier against the release of radioactive
materials. Design bases accidents for nuclear reactors are those in which the coolant
pressure boundary is breached, i.e., loss of coolant accidents (LOCAs). In such accidents,
the containment becomes the last barrier against the release of radioactive materials into
the environment; the containment is therefore often called the ultimate barrier against the
release of radiation. The containment also has the function of protecting the reactor
coolant system (RCS) from any external events such as tornadoes, earthquakes, aircraft
impacts, etc.
Containment design has evolved in parallel with nuclear steam supply system (NSSS)
design. The first containments served entirely as reduced leakage boundaries. Following
the Ergen task force report in 1967 [Emergency Core Cooling, 1967], which postulated
the rupture of a main coolant loop as the design basis accident for light water reactors
(LWRs), both the NSSS and the containment were augmented to cope with such an
accident. Emergency-core-cooling systems were incorporated into reactor designs. The
containment design was enhanced with high capacity cooling systems (sized for post-
accident heat removal), containment sprays designed to remove heat and scrub airborn
radioactive materials, and ventilation systems designed to filter particulates and cool the
containment atmosphere. The containment thus became the "containment system" which
is defined as any building or structure, and any associated system designed to mitigate the
release of radioactivity to the environment.
Like other emergency systems, LWR containment systems evolved through various
redundancy and diversity schemes. Various basic schemes of limiting the pressure
excursion following a postulated design basis accident were conceived. A large capacity
suppression pool was incorporated into the designs of boiling water reactor (BWR)
containments. The pressurized water reactor (PWR) containments were designed with
very large free volumes and high capacity post-accident heat removal systems.
The high mass and energy content of the BWR coolant system makes it necessafy to use a
suppression pool. The suppression pool is effective because the high enthalpy steam
released in a postulated LOCA is directed into the pool where it is condensed; the release
of energy to the containment atmosphere thus occurs at a lower rate and on a longer time
scale than without the suppression pool. The BWR containment evolved to correct initial
design problems associated with the sudden release of high enthalpy steam. The BWR
containment building layout was also modified to cope with other postulated accident
scenarios, and to accommodate various schemes for emergency cooling systems.
Advanced BWR containment designs continue to employ the suppression pool concept.'
A PWR containment does not need a suppression pool because a large free volume and
the heat removal systems can sufficiently limit the pressure rise caused by the design
basis primary system LOCA. The most common PWR containments are "large dry," and
have typical free volumes of approximately 70,000 m3. The large dry containments are
designed for pressures ranging between 0.40 and 0.65 MPa. However, two suppression
system PWR containments were designed, primarily to reduce construction cost, which is
nearly proportional to the containment free volume. These are the subatmospheric
containment designed by Stone and Webster, and the ice-condenser containment designed
by Westinghouse. The subatmospheric containment has a 30 % lower free volume than
that of the large dry containment for a similar reactor; the pressure inside a
subatmospheric containment is maintained at about two-thirds of atmospheric pressure.
The ice-condenser containment has half the free volume of an equal-rating large dry
containment, but economic benefits have not materialized because of increased
maintenance costs. The vast majority of PWR containments are large dry containments.
There are single- and double-enclosure containments. The single enclosure containments
are typically constructed of concrete and have a leak-tight steel liner. The double
enclosure containments have concrete external enclosures, and either steel or concrete
1 This research did not extend to BWR containment design, but remarks regarding applicability of lessons
learned will be made as appropriate throughout this thesis.
internal enclosures. The internal enclosure is always designed to be the controlled
leakage boundary. The external enclosure is also relatively leak-tight, but serves
primarily to protect the internal enclosure from external events. The annulus between
these enclosure is monitored for leakage from the primary containment.
The containment pressure limiting systems, such as the fan and ventilation system, and
the containment spray system, have undergone many design modifications related
primarily to optimizing redundancy and diversity. In the past decade, reactor design and
consequently containment system design, has focused on incorporating emergency
systems that are not subject to failure because of malfunction or erroneous operator
action. These passive features are based on principles that allow them to meet their
design objectives without any operator interaction. The scope of this research has been to
identify a series of passive features suitable for incorporation into a containment design
that can allow it to reject all thermal energy necessary to preserve the integrity of its
boundary following any postulated design basis accident.
This work focuses on a passive containment system for a large rating PWR. The
proposed containment system has to meet current design requirements drafted by EPRI
for advanced reactors; specifically, requirements that are similar to the ones that have to
be met by Westinghouse's AP600 containment. [AP600 SSAR, 1992] Advanced reactor
containment systems requirements have not changed relative to those for currently
operating reactors, with one notable exception; the advanced reactor emergency systems
must meet their design basis requirements for 24 hours2 without any operator
intervention. For the proposed containment system, at any time during a transient:
* the containment atmosphere pressure cannot exceed the design value (60 psia (0.42
MPa)),
* the pressure has to descend to at least half its peak value within 24 hours,
* the pressure difference between two sides of any wall cannot exceed the
subcompartment wall capability, and
* the temperature at any location cannot exceed the equipment qualification
temperatures in that area.
Containment designers are also concerned with the effects of beyond-design-bases
accidents (beyond DBAs). One of the most important beyond DBA scenarios under
investigation is a large release of energy into the containment (i.e., a LOCA or MSLB)
accompanied by core degradation and thus a release of hydrogen into the containment.
This is a very important scenario because the accumulation of hydrogen can lead to
combustion that results in large spikes of energy release, which are superimposed on the
break and decay energy already released into the containment. This thesis examines the
potential of controlling hydrogen accumulation by employing hydrogen recombiners.
Other beyond-design-bases-accidents, such as high energy fuel coolant interaction, have
not been investigated during this current work.
2 Note that EPRI recommends that all passive systems meet their design function for 3 days [EPRI, 1987],
but the NRC's containment design basis accident analysis requirements only cover 24 hours [USNRC,
1987]. Performance studies for the containment proposed in this research were covered a 3 day period.
1.2 Concepts for Passive Cooling of Large Rating LWRs
All currently operating reactors have active heat removal systems. They also incorporate,
however, a series of passive systems. Most notable among them are the accumulators in
PWRs and the suppression pool systems in BWRs. The post-accident heat removal
systems are sized to limit peak pressures in containments to below design values.
The design impetus for passive systems began nearly two decades ago. In these two
decades, passive heat removal systems were proposed for water-makeup, post-accident
heat removal from the primary coolant system, and post-accident heat removal from the
containment. The containment passive heat removal systems that have been proposed for
various designs are exploiting all mechanisms of heat transfer: phase change, radiative
heat exchange, conduction, convection, and storage. A grouping of passive systems
incorporated into a containment design are referred to as the passive containment cooling
system (PCCS). PCCSs have been proposed for small (600 MWe) rating reactors.
[McCandless and Redding, 1989; van de Vanne et al., 1992; Menaker et al., 1990]
Several passive systems have also been proposed for incorporation into large rating
reactors (> 1300 MWe), but their purpose is to augment the conventional heat removal
systems. [Forsberg, 1989]
Conventional heat removal systems are active, i.e., they require electric power to operate,
and are often actuated by reactor operators. The active containment heat removal systems
for containments are fan-cooler units and containment sprays; significant pressure
limitation is achieved through the operation of active safety injection systems. US PWRs
employ all these types of systems. The fan/cooler systems are also used during normal
operation, but are sized to qualify for their emergency heat removal function. The
containment sprays are designated for their emergency function, and serve to condense
steam from the containment atmosphere, and to scrub airborne fission products. The
containment spray system is the most significant pressure limiting feature in many of the
currently operating PWRs. Some European countries have requirements that qualify all
emergency equipment exclusively for their post-accident function. Moreover, German
regulations do not allow designers to take credit for the radioactive material scrubbing
function of the containment spray system3; the containment spray is only considered for
its pressure limiting function.
The containment proposed as a result of the present research does not need to rely on any
active systems for post-accident heat removal. However, it is important to note that the
availability of passive heat removal means does not preclude the convenient usage of
active systems, and that it would be desirable to size normal operation systems (such as
the fan cooler system) for their emergency function. A containment that incorporates
both active and passive heat removal systems may be more expensive, but near-ambient
3 The German containment spray water does not have the hydrazine additive which is the usual scrubbing
agent. [CNSI, 1989]
conditions could be restored faster following a potential accident if active systems were
employed.
1.3 The Proposed Large Rating LWR Passively Cooled Containment
The proposed containment design effort began with the concept of increasing the heat
removal rate to the ambient beyond that of a double-enclosure large dry containment
without air circulation in the annulus between the two enclosures. A large external pool
that submerges the lower part of the containment was the principal means of increasing
the heat removal rate. Air convection in the annulus between the primary and secondary
enclosures was proposed as a heat removal mechanism for the upper part of the
containment. Another consideration was to limit the resistance to heat transfer from the
containment atmosphere to the environment. A primary containment boundary of steel
was thus proposed. A 1 to 3 cm thick steel shell provides little resistance to the transfer
of heat relative to the resistance that would be encountered in a 0.6 to 2.0 m thick
concrete shell. The steel shell alone, however, is not enough to protect the reactor system
from external events such as those postulated for design bases considerations (e.g.,
tornadoes, high energy aircraft impacts). Therefore, a secondary concrete enclosure was
deemed necessary.
Such double enclosure containments have been in operation for a long time. The German
PWR containments, for example, are spherical steel shells surrounded by cylindrical
reinforced concrete secondary enclosures. In the US, Ebasco, among others, has designed
a cylindrical steel shell containment that is surrounded by a secondary enclosure; a
narrow annular gap separates the two enclosures. Three PWRs equipped with Ebasco
containments are currently in operation (St. Lucie 1 and 2, and Waterford 3). These
containments house reactors that are rated in excess of 1300 MWe, and thus have internal
structures similar to the one required for this project.
To attain a feasible containment design, a realistic containment structure had to be
employed. The advantage of starting from a proven design is that the constructability has
been demonstrated and economic aspects have been considered. A further advantage, in
the context of this project, is that a realistic model (for computer code input, in particular)
of in-containment structures can be obtained from a proven design. The Ebasco PWR
containment of the Waterford 3 unit was thus selected as a starting point.
To increase heat rejection to the ambient, the steel containment shell has to be in direct
contact with the external pool. Furthermore, air has to be permitted to convect along the
upper (unsubmerged) portion of the containment shell. These two requirements make it
necessary to perforate the secondary enclosure. The secondary enclosure thus loses its
ability to prevent leakage of radioactive materials from the containment atmosphere to the
environment, but preserves its ability of protecting the primary containment from
potentially catastrophic external events.
Another important modification was made to the proposed containment relative to the
Waterford 3 containment: the size of the proposed containment was more than doubled to
2.7 106 ft3 to maintain peak pressures within acceptable design pressure limits. The
increase in size (free volume and shell surface area) does not affect the constructability of
the proposed containment, as evidenced by other large size containments soon to be in
operation or currently in more advanced design stages. The CE System 80' containment
has a free volume of 3.3 106 ft3 [Turk and Matzie, 1992]; the EPR containment currently
being developed has a 5.0 106 ft3 free volume[Erbacher and Neitzel, 1994].
The internal structure of the proposed containment is thus very similar to that of the
Waterford 3 PWR. The increase in free volume and surface area were not proportionally
applied to individual rooms within the containment. The equipment rooms and fan cooler
rooms of the proposed containment are the same size as those of the Waterford 3
containment. It is possible to preserve the sizes of those rooms, since the equipment that
needs to be housed in those areas remains the same. The reason for not increasing the
size of those rooms is to leave as much open space as possible in the containment to
allow for better mixing of the containment atmosphere. Figure 1.1 shows a vertical and
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Figure 1.2 Heat removal mechanisms that limit the pressure excursion inside the
containment following an accident
figure 1.1. Table 1.1 lists these heat rejection features. Figure 1.2 shows the horizontal
cross section of the proposed containment. Note that only the compartments necessary
for modeling purposes are included and that not all metal and concrete heat sinks within
the containment are indicated. The important sinks are however included in the code
modeling that was done for this project.
The heat rejection features that were incorporated into the proposed design are also
indicated on figure 1.2, and so are the heat transfer mechanisms that limit the pressure
excursion inside the containment. Following an accident, the features incorporated into
the design aid in storing energy and in transferring heat to the environment.
Table 1.1 Heat Rejection Features Incorporated into the Proposed Containment
Feature Heat Removal Mechanism Computed LOCA
Heat Removal Rate at
Peak Pressure(MW)
Air-convection annulus with * mixed convection 5.5 MW
chimney * radiation
External pool * free convection 29 MW
* subcooled nucleate boiling
* saturated boiling
Internal pools * energy storage 6 MW
* condensation
The upper portion of the shell is cooled by air convecting through the annulus that is
formed between the shell and the secondary enclosure. The convection is enhanced
because the annulus is equipped with a long chimney at the outlet, which contributes a
significant buoyancy driving force. Radiative heat exchange takes place between the
containment shell and the secondary enclosure. The contribution of radiative heat
exchange can be substantial during transients in which the shell temperature becomes
very high; at the time of peak pressure and temperature in the containment, radiative heat
exchange can be nearly 70 % of the total heat removal rate from the air-convection
portion of the shell.
The lower half of the steel shell is in contact with a surrounding external pool. Heat
transfer to the external pool can occur through several mechanisms. Two external pool
configurations were evaluated during this study: a 0.5 m annular pool, and a large
external moat. The annular pool operates in the free convection regime in the early stages
of the transient when the water is still cold, then makes the transition to nucleate boiling
as the pool water heats up, and can eventually reach complete saturated boiling
conditions. While subcooled boiling and saturated boiling have higher heat transfer
coefficients, the heat removal rate during free convection can be comparable to boiling
because of the larger temperature difference between the wall and the pool water. For
this reason, submersion of the shell in a large moat was also evaluated in the course of
this project.
Another feature incorporated into the proposed design is an internal pool; the pool is
contained in a cylindrical tank placed in the reactor cavity and sump region. The pool
delays the increase in energy content of the containment atmosphere by storing energy in
the early stages of the transient. Another benefit of the internal pool is that it provides
additional condensation surfaces and thus contributes to limiting the pressure rise inside
the containment.
The cumulative effect of these features is to reject enough of the heat released during an
accident to prevent the pressure in the containment from reaching design values during
any design basis accident. These features thus eliminate the need to incorporate (or, at
present, to rely upon) active features for the cooling of the containment. The active
systems incorporated in currently operating reactors would however not be eliminated
entirely. The reason for keeping some of these systems is that they have been designed
for both normal and emergency operation. Specifically, in case of a primary system
LOCA, water makeup is achieved by passive injection from accumulators and by active
injection through designated systems and/or the residual heat removal system (RHRS).
RHRS valves are realigned to recirculate water through the primary system after the
refueling water storage tanks (RWSTs) are emptied. [The Westinghouse Pressurized
Water Reactor Nuclear Power Plant, 1984] 4 The recirculated coolant passes through the
RHRS heat exchangers, and energy is thus removed from inside the containment building
to the condenser (which is outside the containment shell. This type of energy removal is
not accounted for in any of the analyses performed for this project.
4 The RHRS is not used during emergency conditions in all operating reactors. Some PWRs use a
designated low pressure injection system to fulfill the emergency function of the RHRS.
Furthermore, the pressure rise limitation due to the containment spray system activation is
also not included in analyses for the proposed containment. The containment spray
system not only condenses steam from the containment atmosphere, thus limiting the
pressure rise, but it also serves to scrub radioactive fission products from the containment
atmosphere. Given its scrubbing function, the containment spray is a desirable
emergency system even if no credit is taken for its pressure limiting contribution.
Another heat rejection system included in the design of currently operating reactors is the
reactor containment fan coolers system (RCFCS). The RCFCS is necessary during
normal operations, but it is sized and qualified for its emergency function. The analyses
performed for the proposed containment do not take credit for the 4 to 6 MWth heat
removal capacity of the RCFCS. However, since this system provides the normal means
of controlling the containment atmosphere temperature it must be kept even in passively
cooled containments.
Table 1.2 lists the active systems that would not need to be qualified and sized for their
emergency function if a passive containment is employed. Note that a coolant
recirculation system (like the RHRS) still needs to be used under emergency conditions to
maintain the core covered by replenishing water that is being lost through the break.
However, the recirculation system would not have to remove heat from the reactor
system.
It is worth noting again that some of these active systems cannot be eliminated from the
design because of their normal operation functions. Also, keeping these systems as part
of the design would allow operators to restore near ambient conditions faster if electric
power remains available. However, there are cost benefits that result from not having to
qualify these systems for their emergency function.
Table 1.2 Active Systems That do not Need to be Qualified for
Emergency Functions in a PWR with a Passively Cooled Containment
System Heat Removal Mechanism Emergency Heat
Removal
Capacity
Residual Heat Removal * forced convection of reactor
System (RHRS) coolant 2 to 3.5 MW
* transfer to external heat sinks via
heat exchangers
Containment Spray System * condensation of steam* > 15 MW
(CSS)
Reactor Containment Fan * forced convection of the
Cooler System (RCFCS) containment steam/air mixture 3 to 5 MW
* transfer to external heat sinks via
heat exchangers
Sources: Seabrook 1 and 2 FSAR, 1985; Waterford 3 FSAR, 1985
Note that the condensation of steam only limits the pressure rise at the time at which the spray is in effect.
The spray water and the condensate will act as heat sources when and if they reach saturation conditions.
1.4 Available Analysis Tools
The primary criterion in the selection of a code is its ability to model every important
phenomenon that affects the predicted results. In the case of a passively cooled
containment, such as the one proposed in this work, all types of heat transfer mechanisms
are important. There is conduction into heat sinks, through the steel shell primary
enclosure and through the concrete secondary enclosure. There is convection inside the
containment, in the annulus formed between the primary and the secondary enclosures,
and in the external and internal pools. Radiation must be considered between the steel
shell and the secondary enclosure. Phase change occurs both in the interior of the
containment and outside. Inside the containment, there is condensation on the steel shell
and on internal structures, as well as evaporation of water from the internal pools and the
reactor cavity and sump. Water also evaporates from the external pool as energy is
dumped into it through the containment. shell.
The above cursory description of heat transfer phenomena illustrates the complexity of
phenomena that must be modeled to accurately assess the behavior of the containment.
The conventional containment analysis codes are inadequate for long term transient
analysis in a passively cooled reactor. These lumped parameter codes were developed to
accurately handle natural phenomena only during the early stages of the transient, since
after 30 seconds the active heat removal systems become operational. At that point, the
bulk of the heat rejection occurs through these systems, and natural phenomena take a
secondary role in pressure suppression. The lumped parameter codes have been refined
for years to include better condensation models. However, even the semi-empirical
condensation correlations employed in these codes are sensitive to the flow along the
wall. Consequently, the ability of the code to accurately model flow along the wall
becomes very important. Lumped parameter codes only model flow among networked
nodes. The nodes are connected through flow paths, which introduce a significant error
in the computations. The error occurs due to the fact that flow junctions cannot transfer
transverse momentum. This error is relatively small in a containment cooled by active
systems since natural convection is not essential to heat rejection calculations. The error
would however accumulate over the 72 hours during which heat transfer through the shell
is essential in passively cooled containment analyses. Furthermore, for the proposed
containment a more detailed knowledge of flow fields is required for an accurate estimate
of the heat rejection because the main heat sink is located along the lower half on the
outside of the containment shell. This makes it necessary to obtain an accurate estimate
of the mixing inside the containment throughout the transient, which dictates the use of
distributed parameter codes for passively cooled containment analyses.
There are several distributed parameter codes that have been adapted for containment
analysis purposes (e.g., HMS, GASFLOW, COBRA-NC, GOTHIC). These 3-
dimensional codes were developed specifically for containment applications. Some of
these code have placed special emphasis on in-depth studies of specific aspects of
containment analysis. Emphasis on specific phenomena often requires very fine meshing,
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which makes the code less suitable to the modeling of an entire containment because of
computational power limitations.
It is also possible to develop limited application codes that are only used for a particular
part of the containment. Two such codes were developed at MIT (i.e., RECENT, and
PREWAS) and used during this project. These codes focus on heat rejection through the
steel shell. Specifically, they deal. with convection in the annulus and/or with heat
rejection to the external pool. These codes can be designed to account for all the
phenomena of interest in the specific region that they model, but they lose the important
feed-back from in-containment behavior.
The code that was used to obtain comprehensive predictions for this project is the
GOTHIC (Generation of Thermal-Hydraulic Information for Containments) Version 3.4e
code. [George et al., 1991] The GOTHIC code was developed specifically for
containment analyses, i.e., design, licensing, safety and operating analysis. The GOTHIC
code was extensively verified and validated against experimental data collected
specifically for containment applications. Throughout this project great care was taken to
verify that the GOTHIC modeling employed for the proposed containment is suitable to
each important phenomenon that needs to be considered. This meant that the
containment models were successively refined, and also several changes in code logic
were made to better fit this project's modeling needs. This aspect of the work became a
significant portion of this project, since there are no precedents in the literature that show
how distributed parameter codes are to be used for a complete containment design.
Moreover, in each containment, emphasis has to be placed on the accurate modeling of
the specific phenomena that govern heat transfer in that containment, and thus a continual
verification/modification of models becomes necessary in each case.
The pressure history shown in figure 1.3 was obtained using the GOTHIC code for the
proposed containment in which a large break LOCA has occurred at time 0 of the
transient. The GOTHIC code predictions, show that the proposed containment can reject
sufficient heat to the environment so that containment pressures are maintained below
design values. A further examination of the data obtained from GOTHIC runs shows that
the remainder of the EPRI requirements for advanced reactor design that pertain to the
containment are met.
The pressure history shows that a first pressure peak occurs within 20 seconds from the
beginning of the transient. This first pressure peak is due to blowdown energy, i.e.,
energy stored within the coolant released by the blowdown), and occurs because neither
storage nor rejection to the environment can limit the pressure rise in the very early stages
of the transient. The pressure decreases after 20 seconds because storage within internal
heat sinks removes energy from the containment atmosphere. The second pressure peak
occurs at approximately 1,200 seconds (i.e., within less than 25 minutes from the
beginning of the transient). This second peak is due to decay energy. The reduction in
pressure after this second peak occurs because the large temperature difference between
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the containment and the environment increases the heat rejection rate to the environment
through both the air convection annulus and the external pool. The methods employed in
obtaining the above set of results are a large part of this thesis.
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Figure 1.3 GOTHIC predicted 3 day pressure history in the proposed containment
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1.5 Organization of This Thesis
Chapter 2 provides an overview of passive containments that are being developed. These
passive containments are classified according to their power rating. The important heat
rejection features of these containments are discussed. Also included in chapter 2 is a
discussion of experimental programs pertinent to passive containment development.
Chapter 3 covers the codes available for containment analysis, and describes the
GOTHIC code and the modeling approaches used for the completion of this project. The
succession of models used in reaching the final results is presented in detail.
Chapter 4 describes the features that have been incorporated in the proposed containment.
The descriptions include preliminary calculations used to determine their efficacy, and
GOTHIC code predictions of the performance of these features after they are integrated in
the proposed containment. Chapter 5 elaborates on the performance of the large external
moat, which is the most important heat rejection feature incorporated in the proposed
design. The GOTHIC code predictions were verified by a set of experiments that confirm
the effectiveness of the moat in removing heat from the containment.
Chapter 6 deals with the thermal-stratification expected to occur inside the containment.
GOTHIC predictions are compared to a set of data obtained from a small scale
experimental setup. The comparison led to a revision of the GOTHIC model to include a
near-wall cell of the thickness of the boundary layer. Thermal stratification predictions
are particularly important in the analysis of the proposed containment because the main
heat sinks are located at the bottom of the containment. If the model over-predicts
mixing of the containment atmosphere, the heat rejection to the environment is over-
predicted.
Chapter 7 describes the proposed containment and all the heat rejection features
incorporated into the design. A detailed description of the GOTHIC models used for the
final predictions is also included. Chapter 8 examines the behavior of the proposed
containment during a large break LOCA and a main steam line break accident (MSLBA).
The ability of hydrogen recombiners to mitigate the consequences of a large break LOCA
accident that also involves the release of hydrogen because of core degradation is also
discussed.
Chapter 9 concludes this work with a recapitulation of the main lessons learned during
this research, and a series of suggestions for future work. Some of these suggestions
pertain to further modifications that can be made to the proposed design to further
increase its heat rejection ability. Recommendations are also made to modify analysis
tools to better model some of the most important phenomena under consideration in
passive containment design.
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CHAPTER 2.
BACKGROUND -- THE STATUS OF PASSIVE CONTAINMENT COOLING
Several passive containments have been proposed during the past decade. Also, passive
cooling systems that can be used for passive containment systems were designed
separately. This chapter introduces some of the containment systems and passive cooling
systems that have been proposed. Extensive experimental work was carried out to verify
the effectiveness of some of these passive systems. Experimental work was also
performed to aid in the verification/validation of containment analysis tools. Some of the
most significant experimental work is also presented in this chapter.
2.1 Considerations in Passive Containment Cooling
There is an inherent limitation in the transfer of heat to the environment from a
containment. The transfer of heat is driven by the temperature difference between the
containment atmosphere and the environment. The greater this temperature difference is,
the larger the heat transfer rate between the two. However, the temperature inside the
containment has to remain below design limit values at all times. This limits the
temperature difference and the consequent heat rejection rate.
For passive systems, there are two approaches to limiting the peak pressure: allow more
in-containment energy absorbtion by increasing the free volume and in-containment
sinks, and/or enhance the heat rejection rate to the environment by increasing the surface
area and the heat transfer coefficient at the shell. The proposed containment combines
these two factors pressure-limiting factors: the free volume of the containment is more
than 80 % larger than that of its actively cooled counterpart, and its surface area is nearly
40 % larger. The heat transfer rate to the environment is also increased by increasing the
heat transfer coefficient at the containment boundary. The heat transfer coefficient
outside the shell is increased by submerging the lower half of the containment in an
external pool, thus replacing heat removal by air with the more effective heat removal by
water on the lower portion of the containment.
The principal factors that affect the ability of a containment to remain intact under any
postulated design bases accident conditions are:
* the design pressure and temperature,
* the reactor power rating,
* the surface area and free volume of the primary containment, and
* the rating of passive cooling systems incorporated into the design.
The design limits are imposed by constructability, and equipment qualification. For a
steel shell containment, an acceptable design pressure is 60 psia5. The steel shell
preserves its integrity as long as temperatures do not exceed 280 0 F (140 aC)6 and as long
5 The ultimate pressure for a containment is generally more than double the design pressure predicted for
the worst postulated accident.
6 This temperature corresponds approximately to the design pressure of the containment.
as they do not stay at temperatures higher than 4000 F (205 °C) 7 for extended periods of
time. Equipment qualification sets additional limits on temperatures inside the
containment; the temperatures in compartments that house such equipment cannot exceed
the temperature for which that equipment is qualified. Most emergency equipment is
qualified to remain operational even if it reaches 280°F8 for limited periods of time. The
final design limit pertains to internal walls; the pressure difference between two adjacent
rooms separated by a wall has to be less than the pressure that can be withstood by that
wall. The actual wall pressure differential limit thus varies depending on the construction
of that wall, but a reasonable rule of thumb dictates that the pressure differential should
be kept under 1 % of design pressure.
Another factor that has to be considered in containment design is the rating of the reactor.
The decay energy and reactor coolant system sensible heat released into the containment
following an accident are proportional to the power rating of the reactor. The blowdown
mass and energy are also related to the reactor rating. The reactor rating is thus the
predominant factor in determining a.containment configuration that will allow entirely
passive cooling.
The free volume of a containment determines how much energy can be stored in the
containment atmosphere before design limits (i.e., design pressure and temperature) are
7 This temperature corresponds approximately to the ultimate pressure that can be withstood by the
containment.
8 Regulations regarding equipment qualification are often revised to reflect a better understanding of the
effect of aging.
reached. The heat removal rate to the environment is roughly proportional to the
containment surface area. Thus, as reactor rating increases, the surface area of the
containment has to be increased also. The surface area can be increased by adding fins
and/or by roughening, when relatively small increases are enough, or by increasing the
size of the containment, when a large increase is necessary. However, an increase in size
results in increased construction costs, and increased construction duration. For a steel
shell containment there is also a size limit imposed by constructability. The desire to
have an economically competitive containment size is the principal reason why proposed
passively cooled containments have been designed primarily for small rating reactors
(i.e., about 600 MWe).
The size of the containment can be maintained within acceptable limits, if the heat
transfer coefficient at the shell boundary is increased, and/or if designated passive heat
removal systems are added to the design. A designated passive system is one that
requires the introduction of additional equipment into the design. Examples of such
passive systems would be boilers/condensers that transfer heat from the inside of the shell
to the environment when the containment atmosphere temperature becomes elevated, and
a passive spray system that wets the exterior of the containment shell and thus increases
the heat transfer coefficient at the interface with the environment. An increase in heat
transfer coefficient, can also be achieved without installing dedicated systems. Examples
of such increases would be surface modifications of the containment shell (by roughening
or finning), and the addition of an external pool that submerges a portion of the
containment shell. For the purposes of this thesis, all passive systems and features for
heat transfer augmentation will be referred to as passive containment cooling systems
(PCCSs). This is consistent with the definition of "passive" given by EPRI in the ALWR
utility requirements [Marston et al., 1993], which state that passive systems "rely on
natural forces such as gravity or natural circulation; stored energy such as batteries or
compressed gasses; or energy inherently available in the system itself, such as steam or
pressure."
2.2 Small Rating Reactors
Table 2.1 shows some of the proposed passively cooled containments for small rating
LWRs that are in advanced stages of design. The table also lists the PCCSs that were
incorporated in each design and the heat transfer mechanisms that are employed. It is
important to note that other passive containments and other PCCSs suitable for
incorporation in a variety of LWRs are presented in the literature. [Forsberg et al., 1989]
GE's simplified boiling water reactor (SBWR) was designed to achieve passive cooling
under all postulated design bases accidents. The 600 MWe reactor is housed in a
suppression pool containment building. The suppression pool acts to limit the initial
Table 2.1 Passive Containment Systems for Small Rating LWRs
pressure rise due to blowdown energy. For RCS sensible heat and decay-heat removal,
separate dedicated isolation condensers were added to this design. The isolation
condenser removes heat directly from the reactor coolant system, during the early stages
of the transient. Later, the steam is taken from the containment atmosphere. Natural
circulation carries the steam through the isolation condenser piping to an external water
pool, where the steam condenses due to rejection of heat to the pool water. The pool
water evaporates, and heat is thus transferred to the ultimate heat sink, the environment.
[McCandless and Redding, 1989] The large heat removal capability of the isolation
condenser is largely due to the fact that heat is removed from the hottest regions in the
containment. [Oikawa et al., 1991]
Reactor Type Rating PCCS PCCS Heat Removal Mechanism
(Designer) (MWe)
SBWR BWR 600 isolation condenser * natural circulation of steam
(GE) * condensation
* conduction to external pool
* evaporation to atmosphere
HSBWR BWR 300 external waterwall * evaporation to atmosphere
(Hitachi)
ASPWR PWR 600 air convection * mixed convection of air
(B&W) annulus with fins * radiation
and exhaust chimney
AP600 PWR 600 air convection * mixed convection of air/steam
(Westinghouse) annulus with exhaust * radiation
chimney
external water spray film evaporation
external water spray
Analyzed PCV Diaensions
Dry Well Volume 2130ad Heisht 13.5m
Suppression Pool Width 2.Om
Height 6.8m Volume 7205.a
Volume Z510at Vent Submergence
Wet Well No Baffle 6.3m
Height 6.7a with Baffle 3.7m
Volume 2I70a~ Wall Thickness 36.-
Figure 2.1 Schematic drawing of Hitachi's HSBWR containment [from Kataoka et al.,
1990]
Hitachi has designed an external waterwall PCCS for their 300 MWe BWR (the
HSBWR). Figure 2.1 shows the heat transfer mechanisms that act to remove heat from
this containment. The blowdown and decay energy is directed to the suppression pool as
in all BWRs. The suppression pool is in direct contact with the interior of the steel
containment shell on the wetwell portion of the containment. The heat from the
suppression pool is conducted through the shell to the external waterwall. The waterwall
evaporates, thus transferring the accident-released heat to the environment. [Kataoka et
al., 1990]
Babcock and Wilcox (B&W) have also investigated the feasibility of a small rating
passively cooled containment, the advanced small pressurized water reactor (ASPWR).
Figure 2.2 shows a schematic of the containment investigated by B&W. The containment
proposed for this 600 MWe reactor has the free volume typical of a 1100 MWe reactor.
Several PCCSs were examined for this design. These include water sprays, heat pipes,
vertical fins, vertical corrugations, and reboilers inside paired with air-cooled condensers
outside. The recommended PCCSs for the ASPWR are a finned steel containment shell
and a long chimney, both of which would increase the heat rejection rate to air convecting
through the annulus formed between the steel primary and the reinforced concrete
secondary enclosures. This proposed PCCS approximately triples convective heat
transfer from the containment, and has the advantage of not needing maintenance during
the life of the plant. [Menaker et al., 1990]
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Figure 2.2 Schematic drawing of B&W's ASPWR containment [from Menaker et al.,
1990]
The containment proposed for Westinghouse's advanced pressurized 600 MWe reactor
(AP600) is in the most advanced design stage. The AP600 containment was configured
for natural convection cooling by air flowing through the annulus formed between the
primary steel shell and the secondary reinforced concrete enclosure. The air outlet is
equipped with a long chimney which contributes a forced convection component to the
flow through the annulus. The other PCCS included in this design is an exterior
containment spray system. The water for the containment spray system is stored above
the steel shell in a tank built into the secondary enclosure structure. In case of an
accident, the passive spray system is actuated by opening one of two air operated (fail-
open) valves. Gravity drives the water through spray nozzles onto the ellipsoidal dome of
the steel shell. The containment is thus cooled by evaporative film cooling, by mixed
convective flow through the annulus, and radiative heat exchange between the primary
and secondary containment enclosures. [van de Venne et al., 1992]
2.3 Large Rating Reactors
The conception of passive systems for large rating reactors poses significant challenges
because of the large size needed to accommodate their post-accident energy release.
Therefore, the advanced large rating reactor designs are evolutionary, i.e., active post-
accident heat removal systems are retained. Consequently, the design focus is on
improving the reliability of active systems by optimizing redundancy and diversity.
Containment Air
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Figure 2.3 Schematic drawing of Westinghouses's AP600 containment [from van de
Venne et al., 1992]
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Combustion Engineering's System 80' is a good example of an evolutionary large rating
PWR design. With a rating of 1300 MWe, it has a free volume that is more than 3 times
larger than that of its currently operating counterparts. The containment consists of a
spherical primary steel shell (similar to that employed in currently operating German
PWRs) surrounded by a cylindrical reinforced concrete secondary enclosure. The
principal pressure limiting feature incorporated into this design is a containment spray
system. [Turk and Matzie, 1992]
The European pressurized water reactor (EPR) has also been designed to employ active
cooling systems, but the possibility of employing PCCSs was also examined. Two
significantly different containment configurations have been examined. The first was
designed for a 1300 MWe reactor. The designed containment consists of a steel shell
surrounded by a concrete secondary enclosure; its free volume is more than triple that of
the largest free volume in a currently operating PWR. The secondary containment is
configured to allow air convection along the steel shell. Surface modifications (such as
long fins on the inside of the secondary enclosure) were proposed for the steel shell, and
the combined effect of augmented convective heat transfer and radiative heat exchange
are estimated to achieve heat removal rates of up to 8 MW, which, in conjunction with
the large storage in internal sinks, are deemed sufficient to remove enough heat from the
containment to keep it under design values even without the operation of the containment
spray system. [Erbacher and Neitzel, 1992]
The second configuration that was investigated for the EPR has thick reinforced concrete
primary and secondary enclosures. Active systems are incorporated for post-accident heat
removal, but the design pressure of this system is significantly higher than that of
currently operating reactors. Furthermore, the massive amounts of steel and concrete
would also act as heat sinks to limit the pressure rise in case of an accident. The design
objective of this very sturdy containment is to cope with beyond design basis accidents.
[Baumgartl, 1992]
2.4 Containment Experimental Programs
Many experimental programs were designed to verify the feasibility of various PCCSs for
containment cooling applications. Experimental programs were also devised to study the
interaction between PCCSs and in-containment behavior. Results from these
experiments were also used to verify the predictive power of various computer codes used
in containment analysis. Experimental programs relevant to the discussions in this thesis
are those dealing with features that were incorporated into the proposed design, and those
that were used for the verification of the computational tools used during this project.
Table 2.2 lists the experimental programs that are relevant to the PCCSs included in the
proposed design and the specific phenomena that they address. Relevant results from
these experimental programs are discussed in appropriate sections of this thesis.
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As part of the new production reactors research efforts, Argonne National Laboratory
used the natural convection shutdown heat removal test facility (NSTF) to investigate
heat transfer performance for the PRISM and SAFR passive designs. The apparatus
consisted of a 22 ft tall rectangular duct (52 inch heated length, and a variable 12 to 18
inch depth). The tests were devised to examine the performance of a system of such
ducts in various operating regimes, and to develop a convection heat transfer correlation
that covers the operating conditions expected in a system of such ducts. [Heineman et al.,
1988]
MIT evaluated duct flow mixed convection correlations as part of a research project for
the MHTGR reactor cavity cooling system. The experimental apparatus consisted of a 28
ft tall, 2.5 inch diameter heated pipe. A blower was used to add the driving force
necessary to investigate mixed convection performance. [Fu et al., 1991]
Three important experimental programs were initiated by Westinghouse for their AP600
design. Wind tunnel tests were designed to obtain information regarding the effect of
strong winds on annulus convection. Preliminary results indicate that even strong winds
do not significantly impact the convective heat transfer rate. The convection heat transfer
coefficient and the effect of radiative heat transfer were determined from two
experimental programs. The 1/10 th small scale test (SST) apparatus consisted of a 3 ft
diameter, 24 ft high steel pressure vessel, which was heated by steam on the inside. A
plexiglas wall around the pressure vessel was used to create a 15 inch wide annulus. Dry
air and steam-air mixtures were allowed to convect along the pressure vessel; the flow
occurred partially due to buoyancy and partially due to a fan installed at the exhaust. The
fan simulated the driving force contributed by the chimney designed for the AP600
containment. [Wright, R.F. et al., 1992]
The 1/6t large scale test (LST) performed by Westinghouse studied not only convective
heat transfer in the annulus, but also phenomena associated with film cooling due to the
passive external spray. The pressure vessel used in the LST has an aspect ratio closer to
that of the AP600 steel shell (15 ft diameter, 20 ft tall). The in-containment structures
were also designed to reflect the actual configuration of the AP600. In addition to
obtaining data regarding heat transfer mechanisms in the annulus, the vessel was
instrumented to obtain indications of flow patterns and heat transfer measurements inside
the containment. [van de Venne, 1992] Data obtained from both the small scale test and
the large scale test were used to validate the Westinghouse-GOTHIC code, which is the
analysis tool employed for the design and safety analyses of the AP600 containment.
As part of the research for the Hitachi 900 MWth BWR, free convection in a waterwall
was the subject of an experimental program. The Hitachi test was actually designed to
model the interaction through the steel shell of the internal suppression pool and the
external waterwall proposed for this design. The tests had the purpose of examining the
occurrence of thermal stratification in the waterwall as a function of vent outlet position
in the internal suppression pool. [Kataoka et al., 1992] Their tests showed that the pool
becomes thermally stratified; the region above the vent heats up uniformly, while the
region below the vent remains uniformly cold.
In the present work, two experimental programs were performed for the proposed
containment. The first experimental setup used a 20 feet tall, 4.5 inch diameter steel
pressure vessel. Figure 2.4 shows a simple schematic of the MIT prefilled water annulus
experimental setup. A 14 inch diameter PVC pipe surrounds the pressure vessel forming
a 4.75 inch annulus. The lower 5 feet of the pressure vessel are submerged in water. A
24 inch diameter pipe that surrounds the 14 inch PVC pipe confines the water pool;
perforations at the bottom of the 14 inch PVC pipe allow water to circulate between the
internal and external water annuli. Inlets located in the PVC pipe above the water level
allow air to convect over the upper portion of the pressure vessel. A 49 feet chimney is
installed at the exhaust to add a forced convection component to the air-steam flow.
[Hwang et al., 1994] The results obtained from this experimental setup were used for the
conception and analysis of the containment design proposed in this thesis.
Results obtained from the MIT -- prefilled water annulus tests indicated that a sufficient
heat rejection rate can be achieved while the pool is operating in a free convection
regime. This led to the conception of a second experiment, that was designed to
investigate the effectiveness of submerging the proposed containment in a large moat.
The large moat has the advantage of offering a practically unlimited supply of water, and
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Figure 2.4 A simple schematic of the MIT -- prefilled water annulus test apparatus
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of remaining at lower temperatures during peak temperature periods of a transient. The
experimental apparatus shown in figure 2.1 was modified by removing the 14 inch PVC
pipe, and by adding a feed and bleed system that maintains the pool water at constant
temperatures. This test is described in chapter 5.
Many experimental programs have been reported aimed at quantifying the effect of
condensation, and to verify the ability of computer codes to accurately account for
condensation heat transfer inside the containment. Some of the results of these
experimental programs are discussed elsewhere in this thesis. The most valuable
experimental work for verification/validation of computer codes has been performed in
large scale facilities. Most important among theses facilities are the Carolinas Virginia
Tube Reactor (CVTR) test, the Battelle-Frankfurt large scale test, and the
Hiessdampfreaktor (HDR) tests. The HDR tests have produced the most extensive
database for containment behavior because well structured testing was carried out in a
real size containment. Data from HDR tests was collected to examine in-containment
mixing, effect and motion of noncondensables, and a series of specific phenomena.
2.5 Chapter 2 Summary
Several passively-cooled reactor containment designs have been reviewed in this chapter.
It is important to note that entirely passive heat removal from reactors has principally
been explored to date for small rating reactors. This places the containment design
proposed in this thesis at the forefront of designs feasible for large rating reactors.
Passively cooled large rating reactors are not only desirable because of economy of scale,
but also because in areas with high population densities they may be the only viable
concept for nuclear power generation.
This chapter presented the design criteria for passive cooling of containments.
Specifically, the importance of power rating, free volume, surface area, design limits of
equipment, and special heat rejection systems was discussed. One of the principal
conclusions of the above discussion is that a significant increase in containment size is
necessary to achieve the necessary surface area increase and thus accomplish sufficient
heat rejection through the shell. Practical considerations (constructability and cost) also
require that designated systems, which enhance the heat rejection rate to the environment,
have to be incorporated into the containment design for a large rating LWR (and even for
small rating LWRs)
All passively cooled containments have steel shell primary enclosures, and larger free
volumes than would be necessary in similar rating reactors equipped with active heat
rejection features. External reinforced concrete shield buildings are employed for
protection from external events. The passively cooled containments for small rating
BWRs employ suppression pools, and additional designated passive systems to meet the
heat rejection requirements; GE's SBWR uses an isolation condenser, and Hitachi's
HSBWR uses an external waterwall. The PCCSs considered for passively cooled small
rating PWRs are air convection annuli; further heat transfer enhancement methods
include the surface modifications (long fins and corrugations) proposed for B&W's
ASPWR, and the gravity driven external spray proposed for Westinghouse's AP600. An
air-convection chimney was also proposed for passive heat removal from the EPR
containment, but the alternative of a high design pressure containment with active cooling
was simultaneously investigated. CE's System 80+ large rating reactor, has a large free
volume and continues to employ active pressure limiting systems.
Many experimental programs were devised to investigate the performance of the PCCSs
discussed above, as well as other PCCSs suitable for LWR applications. Significant
experimental effort was performed to evaluate the air convection annulus (Westinghouse,
ANL, MIT), but less effort was directed toward heat removal by external pools (Hitachi,
MIT). Other experimental programs have focused on quantifying in-containment
condensation and containment atmosphere mixing (most significant among them are the
tests performed in the HDR facility). Data from these large scale experimental programs
were also used to verify/validate computer codes for containment design and safety
analyses. These computer codes are discussed in chapter 3 of this thesis.
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CHAPTER 3.
THE GOTHIC CODE
There are several significant phenomena that must be accurately modeled in containment
design and safety analyses; these phenomena are [Iotti et al., 1993]:
* mass and energy release from the RCS,
* energy storage in containment heat sinks, including concrete, steel and water,
* containment atmosphere mixing and stratification, including the effect of
noncondensable gases, and
* heat removal, either by active systems or by passive means.
There are many computer codes designed to model the phenomena listed above. The
validity of predictions obtained from these codes depends not only on the code logic, but
also on the input variables (i.e., the modeling details) used to obtain the predictions.
This chapter presents containment analysis codes widely used in the industry and their
suitability for passive containment cooling applications. The judgment regarding their
suitability is based on the models incorporated in the logic of each code, and the
verification against experimental data that was done for these codes. The GOTHIC code,
which is the principal code used in the analysis of the proposed containment is discussed
in more detail. The GOTHIC input decks that yielded the results presented in this thesis
are described. The run optimization steps taken to shorten the computer run time while
preserving the level of detail required for accurate predictions are also included in this
chapter.
3.1 Containment Analysis Codes
Available containment analysis codes can be broadly categorized as lumped and
distributed parameter codes. There are also codes that are designed to examine specific
aspects of containment operation, that can be used to support/augment results from
containment codes that evaluate the overall heat transfer.
Table 3.1 lists the most widely used containment analysis codes currently used in the
industry. Note that the information included in the table and in the subsequent discussion
was obtained from many sources, and that ongoing code development changes the
modeling techniques employed by these codes. The features of a code are even more
difficult to describe at any given time because different institutions may concomitantly be
modifying the logic of a particular code to better suit different areas of interest.
The first containment analysis codes were transient analysis lumped volume codes, i.e.,
codes in which significant rooms of the containment are represented as lumped volumes
and in which conservation equations are computed based on lumped parameter values. If
several rooms/regions are relevant to the computations, each region is modeled as a
Table 3.1 Widely Used Containment Analysis Codes
Code Name Type of Turbulent Remarks
Code Diffusion
CONTAIN LP N/A * most used LP code
MAAP LP N/A * extensively verified
against experimental
data
HMS DP (3-d, cartesian and k-s * widely used DP code
cylindrical)
GASFLOW DP (3-d, cartesian and k-s * evolved from HMS
cylindrical) * special emphasis on
noncondensibles and
combustible gases
COBRA-NC LP/DP (3-d, cartesian) Pr mixing * no preprocessor
length
GOTHIC LP/DP (3-d, cartesian) Pr mixing * evolved from
length** COBRA
* user friendly interface
* most extensively
verified against
experimental data
LP -- lumped parameter; DP -- distributed parameter
The principal source for this table is Wolf, 1993.
The volume equations were modified to model two regions in each volume for better agreement with flow
data.
** Version 4.2 of the GOTHIC code will also include the k-E turbulence model.
separate volume, which is connected to other volumes through flow paths. The major
problem with lumped parameter analyses is the junction flow modeling; flow paths
cannot transfer transverse momenta between the volumes they are connecting. For a
transient during which heat transfer is significantly impacted by convection for only a
short period of time, the problem is not very significant. An example of such a transient
would be that of the blowdown in a PWR where active systems become operational 30
seconds following the beginning of energy release; this is the type of analysis required for
all currently operating reactors.
The most widely used lumped parameter code is the CONTAIN code. CONTAIN carries
out mass balances for steam and each gas component (including steam). Energy balances
are computed for steam and gases, and also for water at the bottom of each cell.
Momentum is transferred through flow junctions. Since it is a lumped parameter code,
there is no consideration of turbulent diffusion. Special modules that deal with
combustion and fission product transport have been incorporated by some institutions
into the code logic.
The MAAP code is another lumped parameter code used for long term transient
predictions. The MAAP code was initially unable to predict stratification in the HDR
tests; artificial convection flow was being predicted through low level nodes. [FAI
MAAP4, 1993] An innovative 2-subnode physics model was added to the code.
Effectively, this code logic modification evaluates the "potential" for stratification within
each cell, and blocks the junction if the static head is sufficiently large to prevent
convection flow from occurring; compressible flow can still occur through such a
"blocked" junction.
For a passive reactor such as that proposed in this thesis an accurate estimate of
convective heat flow is essential during the entire duration required for the analysis,
which is 72 hours for the proposed containment 9. Therefore, not only would the lumped
parameter code error introduced by neglecting transverse momentum transfer accumulate
over time, but many more nodes would have to be used and thus many more flowpaths
would have to be modeled. The subdivided-volume codes are thus much more suitable to
model convection related phenomena, such as thermal stratification. For example, the
HMS code can model cartesian and/or cylindrical coordinates. Mass, energy and force
balances are carried out for steam and each gas. (Note that the code cannot handle the
liquid water present in the containment, nor can it handle containment sprays or other
engineered safety systems). A k-E turbulence model is employed for turbulent diffusion.
GASFLOW has evolved from HMS, and special emphasis was placed on better modeling
of the behavior of noncondensables and combustible gases. GASFLOW includes a
combustion model that was extensively verified for flame propagation in the presence of
obstacles.
9 A 3 day operation requirement without operator intervention is recommended for all passive systems in the
EPRI Requirements for Advanced LWR Design
The first widely used distributed parameter code used for containment application was
COBRA-NC. COBRA-NC is a multidimensional cartesian coordinates code. Mass
balances are carried out for films and liquid films/pools. Energy balances are done for
steam, gases and water. Control volume momentum equations with Prandtl length
turbulence models are used. The GOTHIC code was developed from COBRA-NC. Mass
balance equations were added for drops, ice and each gas. Energy balance equations for
droplets were added to better model the effect of sprays. The mass, force and balance
equations were also reduced to make it possible to use GOTHIC as a lumped parameter
code. The GOTHIC code has been verified extensively against experimental data in blind
tests, and has consistently been in good to very good agreement with experimental data.
There are individual aspects of containment operation that can be studied separately with
simple codes developed specifically for the area of interest. The analyses for this project
have employed small steady state codes that were developed earlier for similar
applications. Specifically, the RECENT code and the PREWAS code developed earlier
at MIT were employed. The RECENT code handles mixed convection duct flow and
accounts for the effect of radiative heat exchange; the RECENT code was adapted for this
application from an earlier version developed for the MHTGR passive heat rejection
system. The "off-the-shelf' CFD code FLUENT was also used in conjunction with
RECENT to examine the performance of the air section of the annulus. (The iteration
between RECENT and FLUENT is discussed in chapter 4.) The PREWAS code also
models the heat rejection from the containment shell to a duct that operates in the mixed
convection regime. The PREWAS code was also adapted to model heat transfer to an
external water pool. PREWAS thus predicts the behavior of the air-convection annulus
and the external pool, as a function of heat flux through the containment shell. It is
important to note that predictions from these codes can only be used in preliminary
stages, since their predictions do not account for the heat transfer coupling between the
inside and outside of the containment shell.
3.2 Succession of GOTHIC Models for the Proposed Containment
During this project, models were continuously refined to include phenomena that are
relevant to containment behavior. Furthermore, the code logic was modified to better
predict the performance of the air-convection portion of the annulus. The specific
considerations that went into creating the successive models are:
* potential for output verification,
* mesh-size convergence,
* time-step convergence,
* code logic modification,
* heat rejection feature evaluation,
* thermal-stratification and in-containment mixing evaluation, and
* noncondensable/combustible gas distribution.
Table 3.2 shows the succession of important GOTHIC models'0 for the proposed
containment. A brief description of each model is presented in this chapter. Detailed
descriptions of the models that were used to obtain definitive results are given in
appropriate sections.
Model A is based on the PWR test problem that was verified by Numerical Applications,
Inc. (NAI), so that even preliminary results would be sufficiently accurate. Five lumped
volumes are used to model the interior of the steel shell: the lower containment, the upper
containment, the reactor cavity and sump, the equipment rooms and the fan cooler
rooms". The air-convection annulus was modeled as a separate volume which was
connected to the atmosphere. This initial model also allowed "back of the envelope"
verification of some results.
Model B differed from model A only in the modeling of the lower and upper
containment; distributed parameter inputs of 3x3x3 meshes were used for each of these
volumes. This model was the first to examine the effect of mesh size on GOTHIC
generated solutions. Predictions from models A and B were in very good agreement,
which indicates that the GOTHIC code logic can adequately handle distributed parameter
computations 2 .
10 Several intermediate models were omitted from this list, because their purpose was to ensure a proper
transition to models that were used to obtain final predictions.
1 Note that there are 4 equipment rooms and 4 fan cooler rooms in the proposed design; one equipment
room volume and one fan cooler room volume with dimensions and heat sinks corresponding to the sum of
the 4 identical rooms for each were modeled.
12 The good agreement between lumped and distributed parameter data is conclusive regarding code logic
only as long as few flow junctions are used in the lumped volume network model, and as long as cell sizes
are comparable (i.e., their dimensions do not differ by more than 50 %) for lumped volumes and distributed
Table 3.2 Succession of GOTHIC Models for the Proposed Containment
Model Description Schematic Purpose of Run(s)
(Symmetry Section (Vertical Section)
-- Number of Volumes
-- Parameter Model** )
A. full -- 6 volumes -- lumped initial evaluation using a model
'- similar to NAI's test model -- a[j lumped model
B. full -- 6 volumes - mixed * evaluation of large-mesh distributed
=model
C. quarter -- 6 volumes -- * evaluation of smaller mesh size
mixed * evaluation of symmetry section
D. eighth -- 6 volumes -- mixed 1. evaluation of smaller mesh size
2. evaluation of annulus-convection
heat transfer coefficient correlation
UC - upper containment; LC - lower containment; FCR - fan cooler room; EC - equipment room; RC&S -
reactor cavity and sump; ANN -annulus
- indicates a lumped volume
S- indicates a distributed volume (Note that the gridlines do not reflect the noding scheme used in the
model; they are only used to indicate the fact that the volume was subdivided.)
parameter subvolumes. Chapter 8 discusses the effect of decreased mesh size on GOTHIC code
predictions.
Each volume can be modeled as lumped (i.e., lumped parameter) or nodalized (i.e., distributed parameter).
A mixed model comprises both lumped and distributed volumes.
The horizontal sections of the full-, quarter-, and eighth-volume models are shown on figure 3.1.
Table 3.2 Succession of GOTHIC Models
(continued)
for the Proposed Containment
Model Description Schematic Purpose of Run(s)
(Symmetry Section -- (Vertical Section)
-- Number of Volumes
-- Parameter Model)
E. eighth -- 6 volumes -- mixed 1. evaluation of mesh size convergence
(finer meshing) :jj 2. evaluation of designated heat
rejection features
a. air-convection annulus
(w/ and w/o an internal baffle
wall)
b. + external moat
c. + internal pool
F. eighth -- 1 volume -- distributed 1. evaluation of full distributed
parameter modeling
2. evaluation of wall-mesh-size effect
3. evaluation of increased containment
4. effectiveness of hydrogen
recombiners
G. half -- 1 volume -- distributed * evaluation of asymmetric break
location effect
UC - upper containment; LC - lower containment; FCR - fan cooler room; EC - equipment room; RC&S -
reactor cavity and sump; ANN -annulus
- indicates a lumped volume
- indicates a distributed volume (Note that the gridlines do not reflect the noding scheme used in the.
model; they are only used to indicate the fact that the volume was subdivided.)
Models C and D examined the effect of decreasing mesh size by modeling only quarter-
and eighth- pie sections, respectively. The free volumes, thermal conductors, and break
mass flow rates were scaled down by 4 and 8, respectively. Figure 3.1 shows the cross
sections used for models A, B, C, and D, i.e., the transition from the actual cylindrical
configuration to the cartesian coordinates necessary for the GOTHIC input deck. As for
model B, the lower and upper containment volumes are subdivided into 3x3x3 meshes.
The scaling down effectively decreases the mesh size used in consecutive subvolumes.
The predictions obtained from models C and D are also in good agreement with
predictions obtained from the earlier models, but the effect of using the smaller mesh
distributed parameter subvolumes became noticeable. The subdivided models allow
extraction of detailed data (e.g., temperature distribution and noncondensable
concentrations) that are not available from the lumped models.
Model D was also used to evaluate the effect of the convective heat transfer coefficient
outside the steel shell. NAI modified the code logic for this project to include
correlations for mixed convection duct flow, in addition to the turbulent natural flat-plate
convection correlation that is available in version 3.4; the annulus was subdivided into 3
radial nodes. In addition to the duct flow correlation, an effective radiative heat transfer
modifier was included. The air-convection correlations and their impact on GOTHIC
code predictions are discussed in chapter 4.
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Figure 3.1 Cross section schematics of models A, B, C, and D
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Model E has finer subdivisions for the lower and upper containment, and a distributed
parameter model is also used for the reactor cavity and sump volume. This finely meshed
model was used to evaluate the effect of heat rejection features on the performance of the
proposed containment. A baffle wall was added to the inside of the containment to
investigate its impact on enhancing the mixing inside the containment. Since the baffle
wall did not prove effective, it was not modeled in the subsequent input decks. A large
external pool was modeled on the lower half of the containment, thus making the heat
rejection in the annulus partially through air convection and radiation, and partially
through free convection in the water pool. The last addition to the model consisted of a
large internal pool that nearly fills the reactor cavity and sump region. Model E and
results obtained from GOTHIC regarding the effectiveness of each of these features are
discussed in detail in the subsequent chapters.
Model F is a single volume distributed parameter model for an eighth-pie section of the
containment and the annulus. The fan cooler room and the equipment room are separated
from the remainder of the containment by internal thermal conductors; all flow junctions
between regions of the containment are thus eliminated. This model was used to evaluate
the effect of wall mesh-size on the prediction of thermal stratification inside the
containment, and consequently on the performance of the proposed containment. This
aspect is discussed in more detail in chapter 6. Because the peak pressure predicted by
GOTHIC for this model exceeded acceptable values, the containment size was increased.
The effect of hydrogen release into the containment, and the effectiveness of hydrogen
recombiners were estimated using model F.
The final model used for this analysis is the a half section of the containment -- model G.
Since half the containment had to be modeled, the mesh sizes had to be increased because
of dimensioning limitations of the GOTHIC code available for this project. This model
was used to evaluate the effect of an off-center break location. A model based on an
eighth section symmetry such as that used for this project, actually models a full
containment in which energy is released at 4 symmetrical locations; figure 3.2 illustrates
this configuration. Model G is for half a containment, and thus models a single break
location. Model G made it possible to evaluate the effect of 4 quarter-rate breaks on
containment atmosphere mixing, uneven storage in heat sinks and azimuthally varying
shell temperatures. Note that for a break that is located near the center of the
containment, an eighth-pie section yields a near exact solution. A complete discussion of
the results obtained from this model is included in chapter 8.
3.3 Preliminary Run Optimization Steps for the GOTHIC Code
The GOTHIC code Version 3.4e was used during this project. As with any CFD code,
code architecture and computational resources play a significant role in devising the input
deck. Despite its reliable code logic and relative robustness, GOTHIC can be a perfect
ion boundary
Figure 3.2 The four break release points in the full containment obtained using mirror
image repetition of an eighth-pie section
illustration of problems encountered with "off-the-shelf' analysis packages; during this
project there have been instances of numerical instability, slow convergence, and even
occasional lack of physical realism in the solutions generated. More importantly,
however, the GOTHIC code dimensioning and typical run times on PCs present real
limitations for modeling. Therefore, it is important to explore ways of optimizing output
accuracy, given input limitations and reasonable computer run times.
3.3.1 Nodalization Selection
GOTHIC can be used as a lumped parameter code, as a distributed parameter code or as a
mixed code, i.e., one for which certain regions of the containment are modeled as lumped
and others as distributed. The number of subvolumes determines the number of
equations that have to be solved to achieve convergence during each time step, and thus
the duration of the computational time step. Several other factors affect the length of the
computational time step; most important among them are the number of fluids13 in each
subvolume, the number of thermal conductors' 4, the number of boundary conditions, and
the special equipment.
The input deck has to strike a balance based on the detail required for the model and the
computational power limitations. In a design problem, such as the one for the proposed
13 Steam, water and each gas are treated as individual fluids for the balance equations of the GOTHIC code.
14 Heat sinks and walls are thermal conductors in the GOTHIC code nomenclature.
containment, there is another factor that affects the choice of models: code predictions
have to be independently verifiable. A complex model does not allow such a verification.
The first input deck consisted of three containment volumes: the lower containment, the
upper containment and the auxiliary rooms (i.e., equipment rooms and reactor fan cooler
rooms). The five-volume input deck modeled the reactor sump separately from the lower
containment, and the fan cooler rooms and the auxiliary rooms were modeled
individually. Figure 3.3a and b show the input configuration used in GOTHIC for three
and five volume division of the containment. To isolate the effect of number of volumes,
no heat sinks were simulated in these runs, nor was heat rejection to the atmosphere
accounted for. This explains the high estimates for containment pressure and temperature
rises. Figures 3.4a and b, and 3.5a and b are plots of the pressure and temperature
histories within each subvolume of the containment for the three volume run and the five
volume run. The overall behavior of the containment is highly similar in both runs.
However, the five volume model shows a wider temperature difference between the
various subvolumes than the three volume model. This result is expected since there is
little time (during the simulated first 200 seconds of the transient) for the break energy to
propagate from the break location subvolume (the lower containment) to adjacent
subvolumes (equipment rooms, fan cooler rooms, the reactor cavity and sump region, and
the upper containment), and thus a larger fraction of the of the energy is accommodated
by the break subvolume. The comparison of these two run predictions shows that
comparable numbers of networked lumped volumes yield similar results. This is an
expected result because the characteristic length of the volumes are approximately the
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same in both models, and thus the same heat transfer phenomena are of importance in
generating solutions.
The network of 5 volumes of the second input deck corresponds to NAI's test problem,
which was verified against experimental results and against preexistent predictions
obtained from other industry codes. This input deck is thus considered the reference
input deck. The predictions obtained from the reference input deck have been compared
to many subsequent GOTHIC predictions, because the verification of GOTHIC's
sensitivity to variations in input parameters has been a significant part of this thesis.
The next important transition was from a network of lumped parameter volumes to
distributed parameter subvolumes. The results obtained from eighth-pie section lumped
and distributed models are presented for illustration in this thesis; these results are also
compared to predictions obtained from the 5 lumped volume reference input deck. Figure
3.6 shows the geometric representation of the full- and eighth-containment distributed
parameter models. These runs were done using the flat plate turbulent natural convection
correlation at the containment boundary (note that the choice of this heat transfer
coefficient corresponds to the model used for a bare steel containment exposed to the
atmosphere). It is important to note that the peak pressure computed in these runs during
the large break LOCA transient exceeds the design pressure of currently operating
reactors (which is typically approximately 60 psia); this is a consequence of the fact that
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no active heat removal systems are modeled, and the only means of heat transfer is
through natural convection along the containment shell
Figure 3.7 shows the pressure histories for the central lower containment cell for the full-
containment lumped and meshed (3x3x3 lower and upper containment subvolumes)
models, and the eighth-containment lumped model. The reference input deck predicts a
peak pressure of 197 psia; the eighth-pie section input decks predict 202 and 205 psia for
the lumped and distributed models, respectively. The good agreement between the
models shows that a pie section can be used to represent the entire containment as long as
no asymmetries have to be considered. ( In this case, the break is located along the
centerline of the containment, and all sinks have an eighth-section symmetry.)
A further study was done regarding the effect of changing the mesh size. The eighth-pie
section input deck was run with a 2x2x3 nodalization also (i.e., 4 nodes for all horizontal
cross sections, and 3 elevation nodes). Figure 3.8 shows the effect of changing the
nodalization of the eighth-containment model on the prediction of in-containment
behavior. The predicted pressure histories for the lumped and meshed (both 2x2x3 and
3x3x3) models are very close. The 3x3x3 meshing predicts 205 psia peak pressure, while
the 2x2x3 predicts 195 psia, which is lower than the peak pressures predicted by the
lumped models. 15  While the values remain close, the importance of mesh size
15 A transition from a lumped model to a coarse subdivided model yields a slight decrease in peak pressure
predictions. However, as the meshing of the subdivided volume is increased, the peak predicted pressure
increases.
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convergence is evidenced by these runs, because the peak pressure predicted increases
with increased meshing.
The above results show that networks of few lumped volumes and coarsely meshed
subdivided volumes can be reliably used in obtaining predictions from the GOTHIC code.
The effect of finer nodalization, as it pertains to particular phenomena examined in
containment behavior is discussed in chapter 8.
3.3.2 Time-step Convergence
The GOTHIC input parameters include a maximum limit on computational time step.
The computational time step is the CPU time required for all balance equations to reach
convergence in one time step. The limit exists so that the code will terminate the run if a
loop is entered, or if input variables make run times unacceptable. If the maximum time
step specified in the input is long, then the time-interval-average properties calculated by
the code may be inaccurate and lead to inaccurate final predictions.
Two tests of maximum time step were run: one using the lumped parameter reference
input deck (full containment; 5 networked volumes), and one using the 3x3x3 eighth-pie
section input deck. In both cases, the maximum time step was halved from the initial run
value. The code predicted the same pressure history for both runs. The verification was
also tried for a later run that also included a water body in the input deck. A halving of
the maximum time step caused the run to fail in that instance. The computational power
limitations did not allow a study of time step convergence for any runs that included
water bodies. Such a verification should be done at a later stage if computational
resources are improved.
3.4 Chapter 3 Summary
Most of the safety and licensing analyses for containments of currently operating reactors
have been carried out using lumped parameter codes. The use of distributed parameter
codes became necessary when passive containment systems started to be considered.
There are several codes available for containment analysis that employ distributed
parameter equations. The fundamental equations incorporated in these codes were
adapted from multi-dimensional channel analysis codes. Many of the distributed
parameter codes that are now being adapted for containment applications were developed
with emphasis on specific phenomena, and code logic refinements were geared at optimal
modeling for a limited range of applications. For example, the MAAP code was refined
to handle peculiarities of flow through paths that have large temperature gradients which
affect the effective pressure drop through flow junctions. Another example is the
GASFLOW code (which evolved from the HMS code) that has been refined with
particular emphasis on the convection of noncondensables and flame propagation in the
presence of obstacles. The detail required to obtain accurate modeling of such complex
phenomena on length scales that are small relative to those relevant in a reactor
containment conflict with the ability to model the entire containment. Specifically, the
node sizes required for such details are too small to permit modeling an entire reactor
containment: too many nodes result. Furthermore, significant modifications to code logic
have to be done before these codes can adequately account for all the phenomena that are
important in a long transient in a passively cooled containment. The code that is most
appropriate for such analyses today, is the GOTHIC code.
The level of modeling detail necessary to gain confidence that GOTHIC code predictions
are reliable, made it necessary to use only a pie section of the containment for many of
the important runs discussed in this thesis. The succession of runs used to make the
transition from a full containment to an eighth-pie section showed that pie sections can be
used if no significant asymmetries need to be modeled; the proposed containment is
assumed to have a symmetrical configuration, and, thus, a pie-section model can be used
when the break is not significantly off-centered. Using an eighth-pie section has allowed
precise modeling of important in-containment structures, and gave detailed information
about flow fields, and distributions of temperatures and noncondensable gases in the
containment atmosphere.
In addition to mesh size convergence, the maximum time step for GOTHIC runs was
verified. The maximum time step allowed by solution convergence proved to give
accurate results in runs which did not include water pools. Halving the maximum time
step for runs in which the external water pool was modeled showed that the convergence
time step selected-internally by GOTHIC during runs with water filled subvolumes is too
large, and that a lower maximum time step value has to be input.
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CHAPTER 4.
PROPOSED PASSIVE COOLING FEATURES
The proposed containment can be maintained within acceptable operating limits if
sufficient heat is rejected to the environment and if pressure rise is limited by special
designated features (e.g., containment sprays and large in-containment heat sinks). The
basic containment configuration used for this part of the analysis corresponds to the
Waterford 3 PWR containment, which is a containment designed with active post-
accident heat removal features. These features were eliminated from the analysis and
replaced with passive heat rejection features. The passive features considered for the
proposed passively cooled containment are:
* an air convection annulus formed between the steel shell and the concrete secondary
enclosure that is equipped with a chimney at the outlet,
* an external water pool, which can be an annular pool or a large moat, and
* an internal water pool, which adds to the in-containment heat sinks.
To estimate the performance of these heat rejection features, appropriate modeling
techniques had to be determined. Since this work has to predict the performance of the
proposed containment that incorporates all these features, the features were evaluated
using preliminary calculations and/or GOTHIC code runs. The modeling techniques
devised for the analysis of these features, and the performance predictions for each of
them are discussed in this chapter.
4.1 The Air-Convection Annulus
The predictive power of GOTHIC regarding heat transfer in the annulus depends on the
correlations incorporated into the code logic. The proposed containment annulus presents
two challenges to the modeling of air convection in the annulus. The first challenge is
due to the fact that the proposed configuration in which an annular pool rather than an
external moat is employed has an annulus with air inlets above and below the initial pool
level. Initially, air enters the annulus only through the inlet above the pool level. As
water begins to evaporate from the annular pool, lower elevation air inlets become
uncovered. The heat transfer coefficient for axially separated inlets was determined to be
comparable to that for a single inlet; this result is discussed in the following section
The second challenge was that version 3.4 of GOTHIC had several air convection heat
transfer correlations that were inadequate for the annular geometry of the proposed
containment. The code's flat plate turbulent natural convection correlation is suitable to
evaluate the performance of a bare steel shell containment. However, the heat transfer
coefficient for flat plate turbulent convection is unsuitable for annular mixed convection
with a forced flow component due to an outlet chimney; this led to the examination of
several alternative correlations. Among the suitable correlations examined were Fu's
correlation [1991], McAdam's correlation, and the modified Sparrow correlation. The
mixed convection duct-flow correlation developed at Argonne National Laboratory
(ANL) [Heineman et al., 1988] was found to be the most appropriate because it contains
all relevant fluid-, geometry- and regime-dependent properties, and because it has been
tested experimentally. A radiative heat exchange modifier was added to the ANL
correlation. The air-convection correlations are discussed in subsequent sections.
Predictions for the performance of the air-convection annulus were obtained using both
GOTHIC and PREWAS. These performance predictions are also included in this
chapter.
4.1.1 Axially-separated Air Inlets for Annulus convection
If an annular pool (rather than an external moat) is chosen as an external water sink for
the proposed design, then the secondary enclosure must be equipped with air inlets at
several elevations (or sufficient downflow followed by flow reversal). These air inlets
uncover sequentially as the water evaporates from the pool. Figure 4.1 is a schematic that
illustrates the possible paths for air flow in a duct with more than one inlet; to simplify
the discussion only two axially separated inlets are shown. Path 1 is the "normal" air-
flow path, i.e., the path that is followed above the upper-most axial inlet. In the lower
portion of the annulus -- the portion between the two inlets -- the air can follow either
path 2 or path 3. Path 3 is similar to path 1, but the contribution of the air flow following
this path has to be considered in the upper portion of the annulus. The air that follows
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Figure 4.1 A schematic of the expected air flow for multiple axially-separated inlets
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path 2 is also contributing to the total flow in the upper portion. As a rule of thumb, path
2 is followed if the annulus gap exceeds twice the boundary layer thickness, which is the
case for the optimum 25 cm gap width [Hwang, 1994]' designed for the proposed
containment. The computations of heat transfer coefficients and friction factors for path
2 are especially problematic because the annulus wall is also heated (primarily due to
radiation from the containment wall) and thus heats up the air that flows downwards
along it; actually effective heat transfer coefficients and friction factors for the combined
flows along paths 2 and 3 are being sought.
An "off-the shelf' computational fluid dynamics code was used to evaluate the effect of
multiple axially-separated inlets; the heat transfer coefficient and friction factor on the
lower portion of the annulus were determined using the FLUENT code. The air flow in
the lower region will be along path 2 when the lower inlet is covered (closed), and a
combination of flows along paths 2 and 3 when the bottom inlet is open. The heat and
momentum balance equations for the lower region (i.e., that modeled using FLUENT)
need to be provided with boundary conditions (the pressure and temperature of the air at
the interface between the lower and upper region need to be supplied, i.e., at the top of the
upper inlet). An iterative process was established to supply the necessary input to the
FLUENT code. This iterative process requires the use of another code; a pure convection
and radiation code was adapted for the current application. This code -- RECENT -- was
developed by Fu [1992] at MIT earlier, and was modified to be in complete agreement
1 Hwang [1994] used the PREWAS code to determine the gap width that will yield the best heat transfer
rate to the air convecting in the annulus. A gap width of 0.25 m was found to perform best in the operating
region of a large dry containment.
with the air convection and radiation part of code developed for the prefilled water-air
chimney, PREWAS. The iterative procedure between FLUENT and RECENT is
discussed in appendix B.
Results have been obtained for two cases; one with the bottom inlet open, and the other
with the bottom inlet closed. Figure 4.2 shows the heat transfer coefficients obtained for
various air inlet temperatures, and figure 4.3 shows the friction factors. Both of these sets
of results are presented as a function of temperature difference between the containment
wall and the annulus wall.
There are several noteworthy conclusions to be drawn from these results. First, the values
of both the heat transfer coefficient and the friction factor for the region between the
inlets are comparable in magnitude to the values obtained for mixed convection flow on a
path with a unique inlet (only the bottom-inlet open); in other words, the presence of
multiple inlets will neither significantly augment nor retard convective heat transfer.
The second conclusion is that the convective heat transfer remains practically unchanged
whether the bottom inlet is opened or closed because the values of the heat transfer
coefficient and friction factor remain almost unchanged. This indicates that flow along
path 2 is the principal contributor to heat removal through convection between axially
separated inlets. Thus, as the water level drops below the top inlet, and the path 2 flow
develops by air coming down the annulus wall, turning at the water level and then rising
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up the containment wall, heat transfer to the air along the uncovered length occurs at rates
comparable to the convection rates above the top inlet. This conclusion is especially
important as it indicates that it is not necessary to have many axial inlets to remove
sufficient heat through air convection.
The third conclusion that can be drawn is that even significant fluctuations in air inlet
temperatures (10, 20 and 30 OC were used) will not affect the heat transfer coefficient or
friction factor since both exhibit only slight dependence on air inlet temperature.
The initial results described above were followed by a series of parametric studies; these
studies covered containment and annulus wall temperatures, inlet air temperature, gap
width, and axial separation between the two air inlets. The purpose of these studies was
to verify that a single heat transfer correlation is sufficient to adequately predict heat
transfer in the air convection annulus, both above the upper-most inlet, and below it.
A configuration change of the air-convection annulus that could result during design
optimization2 is a change in the gap between the containment wall and the annulus wall.
For this reason, the heat transfer coefficients and friction factors were obtained for 15, 25
and 35 cm gaps. During operation, the level of the water in the annulus will drop due to
evaporation. The water covers the lower inlet, which is thus modeled as a bottom-inlet-
2 The optimization of the air-convection annulus may also include an evaluation of optimal gap width for
modified-surface heat transfer, i.e., for an annulus in which heat transfer is augmented by the use of fins or
surface roughening.
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closed case for various distances between inlets. The distances selected for the study
were 10, 20 and 30 m. The final parameter studied was the air inlet temperature.
Regulations require that the air inlet temperature (i.e., the ambient temperature) be chosen
such that the prediction corresponds to the worst plausible performance of the system. In
the case of natural circulation, the worst scenario would correspond to the maximum air
inlet temperature, which by regulation has to be taken as the record ambient temperature
for the region where the system is to be located. For this part of the study, heat transfer
coefficients were obtained for temperatures ranging from 10 to 500C.
The FLUENT code results were tabulated for use in the PREWAS code. Table 4.1
summarizes the input variables and the parameters held constant during the FLUENT
runs used to compute the heat transfer coefficients and the friction factors plotted on
figures 4.4 through 4.7.
Figures 4.4a and b show the heat transfer coefficient and friction factor, respectively, as a
function of temperature difference between the containment and annulus wall for the
bottom-open configuration for various air inlet temperatures. (The bottom-open
configuration represents the annulus after the bottom inlet is uncovered due to
evaporation of the pool water.) The most noteworthy conclusion is that both the heat
transfer coefficient and the friction factor are comparable to those obtained for a single
inlet configuration (as seen on figures 4.2 and 4.3). This conclusion is expected, since the
gap width far exceeds twice the boundary layer thickness expected for the given flow
regime. A second important conclusion is that even significant fluctuations in air inlet
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Table 4.1 Summary of FLUENT/RECENT Runs Carried Out
for Multiple Axially-separated Inlets
Heat transfer Figure 4.4a Figure 4.5a Figure 4.6a Figure 4.7a and
coefficient and and b, and b, and b, b, respectively
friction factor* respectively respectively respectively
Configuration bottom inlet bottom inlet bottom inlet bottom inlet
open closed open closed
Containment fixed at 1400C fixed at 1400C fixed at 1400C fixed at 140 0C
wall
temperature**
Annulus wall containment wall containment wall containment containment
temperature** temperature temperature wall temperature wall
minus 100C, minus 100C, minus 100C, temperature
200C, 300C, 200C, 300C, 200C, 300C, minus 100C,
400C, 500C, 400C, 500C, 400 C, 500C, 200C, 300C,
600C, 700C, 600C, 700C, 600C, 700C, 400C, 500C,
800C, 90 0C and 800C, 900C and 800C, 900C and 600 C, 700C,
100°C 1000 C 1000C 800C, 900C
and 1000C
Inlet air 100C, 300C and 100 C, 300 C and fixed at 300C fixed at 300C
temperature 50 0C*** 500C
Gap width fixed at 25 cm fixed at 25 cm 15 cm, 25 cm fixed at 25 cm
and 35 cm***
Separation fixed at 30 m fixed at 30 m fixed at 30 m 10 m, 20m and
between bottom 30 m***
and top inlet
* The heat transfer coefficient and friction factors are the dependent variables in all figures.
** The temperature difference between the containment wall, which is fixed for all runs, and the
annulus wall, which is varied over a range from 00 C to 1000C, is the independent variable in all
figures.
*** The three values correspond to the three curves shown in the figure.
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Figure 4.4a Heat transfer coefficients as a function of temperature difference between the
containment and annulus walls for various air inlet temperatures for the bottom-open
configuration
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Figure 4.4b Friction factors as a function of temperature difference between the
containment and annulus walls for various air inlet temperatures for the bottom-open
configuration
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Figure 4.5a Heat transfer coefficients as a function of temperature difference between the
containment and annulus walls for various air inlet temperatures for the bottom-closed
configuration
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Figure 4.5b Friction factors as a function of temperature difference between the
containment and annulus walls for various air inlet temperatures for the bottom-closed
configuration
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Figure 4.6a Heat transfer coefficients as a function of temperature difference between the
containment and annulus walls for various gap widths for the bottom-open configuration
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Figure 4.6b Friction factors as a function of temperature difference between the
containment and annulus walls for various gap widths for the bottom-open configuration
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Figure 4.7a Heat transfer coefficients as a function of temperature difference between the
containment and annulus walls for various separations between the top inlet and the
closed bottom for the bottom-closed configuration
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Figure 4.7b Friction factors as a function of temperature difference between the
containment and annulus walls for various separations between the top inlet and the
closed bottom for the bottom-closed configuration
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temperatures (10, 20 and 300C were used) will not significantly affect the heat transfer
coefficient or friction factor since both exhibit only slight dependence on air inlet
temperature.
Figures 4.5a and b show the heat transfer coefficient and friction factor, respectively, as a
function of temperature difference between the containment and annulus wall for the
bottom-closed configuration for various air inlet temperatures. The bottom-closed
configuration represents the annulus before the bottom inlet is opened by becoming
uncovered due to the evaporation of the pool water. As for the bottom-open
configuration, the heat transfer coefficient and the friction factor are comparable to those
obtained for a single inlet configuration (figures 4.2 and 4.3). This indicates that the flow
along path 3 is significantly smaller than that along path 2, and thus does not significantly
affect the heat transfer to circulating air on the lower segment. The most important
conclusion of these results is that it is not necessary to design more than two axially-
separated inlets to get effective convective heat transfer to the air below the top air inlet.
(The bottom inlet is still necessary to replenish the water inventory in the annulus from
the pool region outside the annulus wall.) As for the bottom-open configuration,
relatively large changes in air inlet temperature do not significantly alter convective heat
transfer to the air. Note however that increased ambient temperature will also decrease
radiative heat transfer, and the cumulative effect of decreased convection and radiation
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may make the overall performance of the passive containment system more sensitive to
increases in ambient temperature than indicated by this study.
Figures 4.6a and b show the heat transfer coefficient and friction factor, respectively, as a
function of temperature difference between the containment and annulus wall for the
bottom-closed configuration for various gap widths. The results are to be used if design
considerations other than optimal gap width3 will cause, at a later date, a change in the
spacing between the primary and secondary enclosures.
Figures 4.7a and b show the heat transfer coefficient and friction factor, respectively, as a
function of temperature difference between the containment and annulus wall for the
bottom-closed configuration for various axial separations between the top air inlet and the
bottom closure. These results can be used to refine predictions for varying pool heights.
The rate of convective heat transfer to air per unit surface area of the containment is
largely insensitive to the axial separation between the top air inlet and the bottom closure.
The overall conclusions of these studies is that a single heat transfer correlation can be
used for annulus convection above and below the upper-most air inlet. This conclusion is
important in estimating the overall heat removal from the proposed containment using the
3 Structural integrity, constructability, or inspection considerations may also affect the selection of gap
width.
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GOTHIC code (or any other containment analysis code) if an annular pool configuration
is considered.
4.1.2 Convection Heat Transfer Correlations for GOTHIC
The necessity of verifying the annulus-convection code logic arose from a series of runs
in which GOTHIC under-predicted convective heat transfer coefficients. The GOTHIC
code was only able to compute the heat transfer coefficient using a correlation for free
turbulent convection along a flat pate. The GOTHIC flat plate turbulent natural
convection correlation is:
h = k 0.l13-[Gr Pr]. (4.1)GOT 1
In actuality, the presence of a chimney creates a flow that has both free and forced
components, and the geometry corresponds to flow between two parallel plates or in a
large aspect ratio duct. This natural convection correlation can therefore only be used if a
forced convection correlation (such as Colburn's correlation) is employed simultaneously.
A series of suitable heat transfer correlations were investigated for implementation into
the GOTHIC code logic; table 4.2 lists the criteria that were sought.
Gang Fu's [1991] correlation was tested experimentally in his thesis research and includes
most of the physically necessary variables. Its limitations are that the aspect ratio is not
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Table 4.2 Criteria for a Suitable Annulus-convection Heat Transfer Correlation
for the Proposed Containment
Criteria Correlation Requirement
Geometry Accounts for duct aspect ratio
Operating Regime Mixed free and forced convection
Re c (5 10' , 3.5 104)
Gr c (0, 2.5 108)
Development length dependence Accounts for entrance effects
Property variations Accounts for a steam/air mixture
Accounts for radial temperature variation
specifically included (he worked with a cylindrical tube), and thus in using it one has to
assume that it is suitable for large aspect ratio ducts that approach the geometry of flow
between flat plates.
0.8
0.021-Re -Pr
h =
mix
1+ 50001I+ Rn
where: hmix -- heat transfer coefficient,
Re -- Reynolds number,
Pr -- Prandl number,
kmix -- conductivity of the air-steam mixture,
Two -- wall temperature,
Tmix -- air-steam mixture temperature,
Re = , and
c -#
Pr =
k
(4.2)
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The modified Sparrow correlation, proposed by Ebasco, has been widely used in
containment analysis codes. This correlation does not account for the contribution of the
forced convection component, but introduces channel developing-length dependence.
k 0.229
h mix=0.667 mix (SGr Pr)
x D H s
h
where: (4.3)
gf3(T -T )
w a 3Gr = S
s. 2
S=D, i.e., the gap width.
Other correlations that were examined are Sparrow's correlation, which is inadequate
because it is limited to a laminar flow regime, and Churchill's correlation, which is
similar to the modified Sparrow correlation, but doesn't include entrance effects.
The most suitable correlation is that developed at ANL for the LMR passive heat removal
system. [Heineman et al., 1988] This correlation accounts for all the effects listed in table
4.2, with the exception of the aspect ratio, which does not appear explicitly. However,
the experimental data that was used for this correlation included tests done in a duct
configuration with a large aspect ratio (> 3.2), which makes it reasonable to apply it to the
parallel plate configuration of the proposed containment. Furthermore, data for this
correlation was also obtained using a steam/air mixture, which is what is expected in the
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proposed containment once the external pool begins to evaporate. The ANL correlation
is:
--0.4
0.8 0.4 kmix Two ) (4.4)0 3 6h = 0.0229 Re8 Pr 0.4 mi+ (L / D) (4.4)
mix h  mix
where D is the gap width and L is the distance from the inlet.
This correlation has been verified experimentally at M.I.T. in 1994 [Hwang, 1994] and
was proven suitable for a 0.25 m gap width. The ANL duct-flow correlation was
expanded during this research to account for the contribution of radiative heat transfer in
the annulus by defining an effective heat transfer coefficient that uses the emissivities of
the steel shell and the concrete shield:
h eff=y.h ., (4.5)
eff mix
h
rad
where: y= 1+ , and (4.6)
h +h
mix rad
3
h -4.•-aT . (4.7)
rad wo
The effect of employing various heat transfer correlations in containment codes was also
examined by lotti et al. [1993] . Using the CONTEMPT and CONTAIN codes, these
authors showed that large differences in predicted pressure histories are obtained when
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various external heat transfer correlations are used. The pressures predicted were bound
above by Sparrow's correlation and below by Churchill's correlation. This is expected
because Sparrow's correlation was developed for laminar flow on a flat plate, while
Churchill's correlation (also referred to as the generalized or modified McAdam's
correlation) was developed for turbulent flow on a flat plate. Note that their study did not
cover any duct flow correlations.
There is one more noteworthy means of computing convective heat transfer in a duct.
Sohn and Cheung [1988] have proposed a finite difference wall heat transfer model
suitable for incorporation in finite difference codes. Although their method has not been
extensively validated against experimental work nor against existing correlations, all
physical phenomena that are important in convection are included in the model. Such
finite difference solutions can eliminate the necessity of using semi-empirical correlations
if they are proven reliable over the operating range of the specific application, and can
readily be incorporated into the code logic of containment analysis codes such as
GOTHIC.
The use of finite difference methods to compute heat transfer rates to the wall without
employing heat transfer correlations was also evaluated at the University of Manchester.
[Jackson, 1993] A series of experiments and finite difference computations showed that,
in a mixed convection regime, k-s finite difference computations that account for
property variation with temperature and buoyancy effects could properly predict the heat
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transfer to the wall; the proper CFD code logic remains to be developed.. Jackson
pointed out that poor agreement with experimental data was obtained using CFD codes
that employ the mixing length or Lauder-Sharma turbulent diffusion models.
4.1.3 Performance Predictions for the Air-convection Annulus
Three GOTHIC runs were made that show the relative effect of using different air heat
transfer coefficient correlations on predicted pressure transients. An eighth-pie section of
the containment was used in the input deck. The size of the containment is that of the
Waterford 3 PWR, which is smaller than that of the proposed containment (see chapter 8
for the dimensions of the proposed containment). No active systems were modeled, nor
were any heat rejection features other than the air-convection annulus included in the
input. This results in large peak pressure predictions from all these runs.
Run #1 employs the flat-plate turbulent convection correlation. This model thus
corresponds to a bare steel shell containment (figure 4.8a) in which heat rejection to the
environment occurs only through buoyancy-driven air flow along the shell. Run #2
employs the ANL duct flow correlation. This second model thus corresponds to a steel
shell containment surrounded by a concrete shield building (figure 4.8b), in which
radiative heat transfer in the annulus is suppressed. Run #3 employs the effective heat
transfer coefficient correlation which was obtained by modifying the ANL duct-flow
correlation to include the contribution of radiative heat transfer. This model thus closely
116
I-
I-r- - -- - - -·- -
A
bare steel shell
a. bare steel shell containment configuration
air outlet
concrete secondary enclosure
N
shell
b. steel shell and concrete secondary containment configuration
Figure 4.8
GOTHIC
Single- and double-enclosure containment configurations modeled in
Il | I
11 ý_ ,
117
Pressure Histories for the Central Lower Containment
on
with radiation
0.001 0.1 10 1000 100000
Time (seconds)
Figure 4.9 Comparison of predictions obtained for the eighth-containment model for a
bare steel shell containment and a double-enclosure containment (with and without the
contribution of radiation in the annular region)
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approximates the heat rejection to the air in a containment configuration that consists of a
steel shell and a concrete shield building.
Figure 4.9 shows the pressure history for the central lower containment cell for the three
runs. As expected, duct convection is more efficient than flat plate convection, which
results in a drop in maximum pressure from 195 psia to 173 psia. The most realistic
prediction is obtained using the modified ANL heat transfer correlation that includes the
contribution of radiative heat transfer. The contribution of radiative heat exchange is
significant during the peak pressure period when the steel shell temperatures are highest,
which materializes in a reduction of the peak pressure to 145 psia.
The conclusions from these runs is that performance is improved by the transition from a
bare steel shell containment to a double-enclosure containment. The improvement in
performance is achieved because mixed convection duct-flow is more effective in
removing heat from the containment boundary than natural turbulent flat plate flow, and
because radiative heat exchange in the annulus augments the heat removal rate from the
containment boundary.
It is important to note that air-convection heat transfer in the annulus can be augmented.
Gavrilas et al. [1992] have shown that both finning and surface roughening can increase
the heat transfer rate in a 25 cm annulus under operating conditions similar to those
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occurring in the proposed containment4 . Surface modifications were also proposed for
the steel shell side of the annulus incorporated in B&W's ASPWR containment.
[Menaker et al., 1990] Erbacher and Neitzel [1992] proposed to augment convective heat
rejection for the EPR containment by using large ribs embedded in the concrete secondary
enclosure.
4.2 The External Annular Pool
To achieve entirely passive heat removal from the containment, the heat transfer
coefficient at the exterior of the steel shell was increased by submerging the lower portion
of the containment in an external pool. Two external pool configurations were examined
for the proposed containment. The first is an annular pool that surrounds the steel shell
and is confined by an external annulus that extends beyond the secondary enclosure.
Figure 4.10 shows the annular external pool configuration.
4.2.1 Performance Predictions and Sizing
Several problems had to be resolved regarding heat transfer in the pool region. The first,
and probably most important of these problems, is that heat transfer in the pool region
occurs entirely due to free convection up to the point in time when the temperature
4 The study was done for the MHTGR passive cooling system, which covered a wide range of operating
conditions.
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difference between the containment wall and the pool water, and the heat flux at their
interface reach nucleate boiling conditions. After this point nucleate boiling begins in the
upper regions of the pool. The axial pressure gradient in the pool is significant (up to
approximately 3 atm when the pool height equals the containment height), and since
lange
free convection,
subcooled boiling,
and/or saturated boiling
annular
pool
Figure 4.10 Configuration of the proposed containment equipped with an annular
external pool
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nucleate boiling is sensitive to pressure5, the boundary between the region that operates in
the free convection regime and that which operates in the nucleate boiling regime is a
function of time; more precisely, it is a function of excess temperature and heat flux,
which are time-dependent. PREWAS was set up for several axial nodes in the pool
region, which are thus able to model nucleate boiling at higher elevations and
simultaneous free convection at lower elevations.
A second problem with the modeling of an annular pool results from the fact that the
water in the pool is not uniformly mixed at all times. It is appropriate to assume that the
water in the annulus adjacent to the containment wall heats up faster than the water
outside the baffle6. The PREWAS code logic was consequently modified to allow only
limited mixing between the water in the annulus and that outside the baffle, which
reduces the time to nucleate boiling and thus increases the rate of heat removal earlier in
the transient.
Predictions from the transient PREWAS code for the overall heat transfer from the
containment wall to the air and water regions of the shell are shown in figures 4.11 and
4.12. The principal purpose of this series of runs was to verify that code predictions agree
with the expected behavior for the system. The initial conditions of runs A and B are
listed in table 4.3.
5 Rohsenow's correlation for nucleate boiling [1952] shows that q"c- g 1t2
6 Hwang's experimental work [1994] has confirmed that significant temperature differences are observed
between the water in the annular region and that outside the annulus.
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Figure 4.11 PREWAS predicted behavior of heat fluxes for a 40 m high annular pool
(from Hwang, 1994)
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Figure 4.12 PREWAS predicted behavior of heat fluxes for a 30 m high annular pool
(from Hwang, 1994)
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Table 4.3 Parameters for Transient PREWAS Code Runs
Initial Parameters Case A Case B
Containment Temperature (K) 415.6 415.6
Pool Temperature (K) 303.0 303.0
Air Inlet Temperature (K) 303.0 303.0
Containment Diameter (m) 60 60
Containment Height (m) 60 60
Pool Height (m) 40 30
Gap Width (m) 0.25 0.25
Number of Axial Nodes in the Pool 4 3
Figures 4.11 and 4.12 show the time dependent behavior of the relevant heat rates for
case A and case B, respectively; the heat transfer rates to the air region and to the pool
region are first shown separately, and then also as the combined removal power on each
figure. Both figures show that PREWAS adequately predicts that at the beginning of the
transient, heat transfer to the pool region is larger than that to the air region. The figures
also show the expected jump in heat removal to the pool as nucleate boiling occurs. A
decrease in heat removal to the pool as the water begins to evaporate is seen. Also, in
both cases heat transfer to the air region increases as the pool level drops and the air
convection length increases. These trends are a good indication that the code predictions
agree with the expected physical trends.
Figure 4.13 shows the time to the start of nucleate boiling as a function of mixing
between the water in the annulus region and that in the exterior pool. The results plotted
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are for a 30 m high pool. The expected trend is observed in this figure -- the less mixing
between the two bodies of water, the sooner nucleate boiling will occur in the pool. The
conclusion of this study is that mixing between the pools should be limited as much as
possible7 because it is beneficial to have this highly effective heat transfer mechanism in
the earlier stages of the transient when the decay heat rate is highest.
Figure 4.14 shows the maximum containment temperature predicted by the code during
the entire transient as a function of pool height. As expected the higher the pool
elevation, the lower the maximum in-containment temperature because both nucleate
boiling and free convection in the pool are more effective in removing heat than air
convection. Note that for pool heights larger than 50 m the maximum temperature in the
containment is about the same as that corresponding to the peak blowdown conditions at
the beginning of the transient, which indicates that sufficient heat is being removed to
keep the decay heat peak at below-design values.
The external annular pool is a very effective means of transferring heat to the
environment. The incipience of boiling marks an increase in heat removal effectiveness
and thus mixing should be limited between the water in the annulus region and that
outside the secondary enclosure to allow nucleate boiling to begin as early as possible. A
50 m high pool is sufficiently large to maintain the decay-heat peak pressure under design
values. However, there is an inherent temperature difference that limits the heat transfer
rate to a boiling pool; the peak permissible temperature in the containment is 150 0 C, and
7 This conclusion is only valid if an annular configuration is selected for the external pool. Good mixing is
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Figure 4.14 The effect of pool height on the performance of the prefilled water-air
annulus system(from Hwang, 1994)
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the pool temperature during boiling is 100 0 C. In contrast, the temperature of a large moat
can rarely exceed 501C, and thus a 1000C temperature difference drives the heat transfer
from the containment atmosphere to the moat during peak containment pressures.
It is important to add that surface modification techniques can be used to expedite the
incipience of nucleate boiling and to lower the heat flux threshold for the incipience of
nucleate boiling. Most of the special surfaces that enhance nucleate boiling are
proprietary and nearly all of them are patented. [Webb, 1981] Berenson's experiments
[1962] have shown heat flux increases and wall superheat decreases of a factor of 10 as
roughness increases. Surface condition is a consideration even for unmodified surfaces;
the effect of surface degradation must be considered since the pool has to be effective
over the entire plant lifetime. Otherwise, the effect of paint or other anti-corrosion
surface treatments on heat transfer must be taken into account. The above PREWAS
code analysis was restricted to smooth, untreated surfaces for this reason.
4.3 The External Moat
An investigation of the predictions obtained for the annular external pool, shows that for
a large pool, the free convection heat transfer rate is comparable to the nucleate boiling
heat transfer rate in the early stages of the transient. The reason for this high heat transfer
127
rate is that the temperature difference between the in-containment temperature and the
cold pool water makes this mode of rejecting heat very effective. Therefore, an external
moat was used to replace the external annular pool for the proposed containment; a moat
that is sufficiently well mixed provides a cold sink at the containment boundary
throughout the transient. The external moat has the added advantage of providing a
sufficiently large amount of water for a duration that exceeds the required 3 day passive
heat rejection period recommended by EPRI for advanced reactors.
4.3.1 Performance Predictions and Sizing
There are several heat transfer correlations that are suitable for the heat transfer from the
containment wall to the external moat. The wall temperature can range between 25
(ambient) and 140 0 C. For a very large moat, the water temperature can be assumed to
remain constant at about 25 0 C. The transition to turbulence occurs when Gr > 109,
which for a wall temperature of 550C, means that the flow is fully turbulent at an axial
position of less than 0.25 m into the convection length8 (which is small relative to the 30
m height of the proposed external moat). The heat transfer coefficient can thus be
assumed turbulent along the entire submerged portion of the containment. The McAdam
correlation [1954] incorporated in GOTHIC is thus suitable to evaluate the heat transfer
from the steel shell to the moat. The McAdam correlation is:
8 For higher wall temperatures, the transition to turbulence occurs at a shorter convection length.
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h = k0.13[Gr Pr] / 3  (4.8)
tnc 1
where 1 is the convection length and k is the thermal conductivity of the water. Equation
4.8 is valid for Gr c (109, 1012).
The configuration analyzed for the proposed containment has the lower half of the
containment submerged in a large moat. Air convects on the upper half of the steel shell
in the annulus formed between the steel shell and the concrete secondary enclosure.
Figure 4.15 shows a schematic of the proposed containment equipped with an external
moat. An eighth-pie section model of the containment was used for the input deck.
Figure 4.16 shows the pressure histories for the central upper containment mesh obtained
for a double-enclosure containment for which heat is rejected to the air convecting
through the annulus and by radiative heat transfer from the steel shell, and for a double-
enclosure containment that also has a 30 m high large moat (because the water
temperature remains at a constant low 70'F). The contribution of the moat is significant
even though the heat transfer mechanism is the least effective one to a body of water
(i.e., free convection). The peak pressure predicted for a large break LOCA transient for
a containment design that includes a moat is 86 psia, which is almost 60 psi lower than
that predicted when rejection of heat occurs by only air convection and radiation. This
peak pressure is still significantly higher than the typical design pressure of currently
operating reactors (about 50 psia), which suggested that the containment design had to be
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Figure 4.15 Configuration of the proposed containment equipped with an external moat
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Figure 4.16 Comparison of predictions obtained for the eighth-containment model for a
double-enclosure containment (including the contribution of radiation in the annular
region) with and without a moat
Note: The reference curve is the pressure history predicted by GOTHIC for a bare steel
shell containment cooled by turbulent natural air-convection alone.
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further modified by employing other heat rejection features (e.g., internal water pools,
thermosyphons, higher moats) and/or by increasing its size (i.e., the free volume and the
surface area).
The peak pressure predicted in the containment can be further reduced by increasing the
water level of the external moat. Such an increase was considered, but deemed
unnecessary after an internal pool was added to the design, and after the proposed
containment was increased from its original size, which was that of the Waterford 3
PWR. An excessively deep moat also involves complications in plant design and
construction. (See chapter 7 for the final configuration and dimensions of the proposed
containment.)
4.4 The Internal Water Pool
The last pressure limiting feature evaluated for the proposed design was an internal water
pool. The internal pool provides two means of limiting the pressure rise following an
accident. The first is due to its large heat storage capacity, which is effective in the early
stages of the transient.9 The second is due to condensation of steam on the pool surface
9 The sensible heat of the pool can be released later (i.e., when the containment temperature has decreased
sufficiently) inside the containment.
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or side walls.' There is an additional advantage to having a large internal pool: it can
serve as an additional source for makeup water in case of a LOCA.
The cooling capacity of in-containment water inventory was examined by Forsberg et al.
[1989, p. 6-57]. Their calculations show that in the absence of any other cooling
mechanism, the typical PWR in-containment water inventory, which is between 0.112
and 0.133 m3/MWth for US PWRs, provides cooling for 1 to 2 hours following reactor
shutdown. Note that these figures refer to currently operating PWRs, where the in-
containment water inventory consists of RSWT tanks, accumulators and condensate
storage tanks.
4.4.1 Performance Predictions and Sizing
Figure 4.17 shows a schematic of the proposed containment equipped with an air
convection annulus, an external moat and internal pool. The pool evaluated in the
preliminary runs discussed in this chapter, covers the 45 m diameter cross section of the
containment, and is 10 m high. The internal pool thus holds nearly 16,000 m3 of water.
The internal pool has to be sized such that it does not begin to release its sensible heat
during the high pressure stages of the transient (i.e., not until at least 3 to 4 hours after the
beginning of the transient, when containment pressures have already decreased from their
peak values). Assuming the pool is at 250C and atmospheric pressure at the beginning of
1o The final design presented in chapter 7 has a pool that consists of 8 eighth-pie sections, which are
contained in tanks that do not extend all the way to the containment wall. The tanks thus provide additional
vertical condensation surfaces, which also promotes internal mixing to avoid stratification of the pool water.
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Figure 4.17 Configuration of the proposed containment equipped with an external moat
and an internal pool
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the transient and that the containment atmosphere can reach 1400C at design pressure, the
energy that can be stored in the pool before sensible heat begins to be released is:
3 kg J 6
E = m-c -AT=16000m .967- 4200 115K= 7.510 MJ. (4.9)
pool p m3 kg-K
This indicates that a significantly smaller pool" can be used, while its efficacy as an in-
containment heat sink is preserved. GOTHIC predictions for the internal pool
effectiveness are presented in the next section, which summarizes the contributions to
pressure limitation of each of the features discussed in this chapter.
4.5 GOTHIC Predictions for the Proposed Containment
with Integrated Heat Rejection Features
Figure 4.18 shows the succession of GOTHIC models used to evaluate the pressure-
limiting capability of the heat rejection features of the proposed containment.. Figure
4.18a corresponds to a containment that consists of only a steel shell exposed to the
atmosphere; in this case, heat rejection to environment occurs through turbulent flat plate
convection to the air. Figure 4.18b corresponds to a containment that consists of a free
standing steel shell surrounded by a concrete secondary enclosure; in this case heat
rejection to the environment occurs through convection to the air flowing through the
annulus, which is effectively duct-flow. Figure 4.18c shows a configuration similar to
" The final design presented in chapter 5 has an internal pool that is about 50% the size of the one
discussed in this analysis.
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that of 4.18b, but to which an internal baffle has been added; the baffle is intended to
enhance circulation inside the containment and thus increase the rate of heat transfer to
the steel shell. Figure 4.18d shows a configuration also similar to that of 4.18b, but to
which an internal pool has been added; the internal pool occupies the lower 10 m of the
containment, and thus its surface is available for steam condensation, and the body of
water is available as an additional in-containment heat sink. Figure 4.18e shows a
configuration that corresponds to a containment such as that of 4.18b, but in which the
lower half of the containment is submerged in a large moat; in this configuration heat is
rejected through the steel shell directly to the moat in the lower part of the containment,
and to the air-steam mixture flowing through the annulus on the upper half of the
containment. Finally, Figure 4.18f shows a configuration that combines the internal pool
and external pool features; in this case, steam condensation inside the containment is
augmented by the availability of the large surface of the internal pool, and heat rejection
to the environment occurs through heat transfer to both the external pool and the
convecting steam-air mixture.
Figure 4.19 shows the pressure history in the lower containment central volume for a
large break LOCA accident, as predicted by GOTHIC for each of the containment
configurations described above. This figure allows a preliminary rating of containment
features according to their effectiveness. (The rating is preliminary because much finer
meshing and more internal detail has to be modeled in GOTHIC to verify these
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GOTHIC Perfonmance Predictions for the Reference Containment
Equipped with Various Pressure-limiting Features
200
180
160
140
120
100
80
60
40
20
0.001
air-convection annulus
internal pool
Ad external moat
0.01 0.1 1 10 100 1000 10000 100000 1000000
Time (s)
Figure 4.19 Pressure histories predicted by GOTHIC for the principal containment
configurations during a large break LOCA transient
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predictions; chapter 7 presents the finer model for the proposed containment and chapter
8 presents the results obtained for the LBLOCA and MSLBA for the proposed
containment). All curves show two pressure peaks. The first one occurs during the
blowdown period, and its magnitude is largely insensitive to the incorporation of heat
rejection features, but primarily dependent on the mass and energy release rates and the
containment free volume. The blowdown peak occurs within less than 200 seconds from
the beginning of the transient; neither storage in internal sinks, nor heat rejection through
the steel shell are effective in limiting the blowdown pressure rise on such a short time
scale. The second one, which yields the peak pressure for the three day transient modeled
in these analyses, occurs due to decay heat release and is strongly dependent on the heat-
rejection and pressure-limiting features incorporated in each model.
As expected, the shell containment cooled by air convection alone yields the highest peak
pressure. Duct-convection of air has a larger heat transfer coefficient than flat plate
convection, and consequently the peak pressure is lower than in the configuration that has
a steel shell only. The addition of a baffle, which increases circulation inside the
containment, to an air-only annulus configuration (as shown in figure 4.18c) has
practically no effect on the overall performance of the containment.
A significant effect is however observed when a water body is modeled as a containment
cooling feature. The peak pressure is significantly decreased when an internal water pool
is added. The internal water pool (as shown in Figure 4.18d) covers the lower 10 m of
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the containment and thus decreases the interior containment shell surface area available
for steam condensation. However, the pool surface area, which is larger than the
containment shell surface area occupied by the pool, becomes an additional steam
condensation surface. The net effect is a significant reduction in peak pressure.
The most effective heat removal feature is the external pool. The GOTHIC model that
includes a moat (as shown in Figure 4.18e) yields the lowest peak pressures that can be
obtained by incorporating a single water body into the overall containment system. For
the reference containment used for input into GOTHIC, the relatively small size of the
containment limits the peak pressure reduction that can be attained with any heat rejection
feature or combination of heat rejection features. However, even for such a small
containment, the combination of an air-annulus, an external moat, and an internal pool
yields a peak pressure of less than 65 psia.
The heat rejection and storage rates predicted by GOTHIC for the internal pool
configuration (figure 4.18d) and the external moat configuration (figure 4.18e) are plotted
separately on figures 4.20 and 4.21, respectively. As can be seen from both figures, the
heat rejection to the water body constitutes the principal heat sink. Furthermore, the
water bodies provide additional driving force for the convection of the air-steam mixture
inside the containment through the drag caused by increased condensation rates. The fact
that proper mixing of the containment atmosphere occurs is essential since thermal
stratification inside the containment would decrease the rate of heat transfer to the water
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Figure 4.20 GOTHIC predictions of energy rates for the external moat configuration --
decay and blowdown energy rate, energy rate of storage in concrete and steel structures
and walls, and energy rate of removal by the moat water and the convecting air
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Figure 4.21 GOTHIC predictions of energy rates for the internal pool configuration--
decay and blowdown energy rate, energy rate of storage in concrete and steel structures
and walls, and energy rate of removal by the pool water and the convecting air
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heat sinks by effectively lowering the temperature difference between the water body and
the adjacent air-steam mixture. This aspect of containment operation is discussed in
detail in chapter 6. Experimental work carried out during this research and by Kataoka et
al. [1992] showed that thermal stratification of the pool is a concern only if the shell has
large axial temperature gradients; pool stratification is discussed in chapter 5.
While the GOTHIC runs discussed above demonstrate the effectiveness of the designated
heat rejection features for the proposed containment, the overall performance of the small
containment used for these GOTHIC runs is not sufficient to maintain in-containment
conditions below accepted design values. Therefore, the size of the containment and,
consequently, the size of the designated heat rejection features was increased to attain
acceptable design values. The larger containment and all the features incorporated into
the design are described in detail in chapter 7. The performance of the proposed
containment under postulated design basis accidents is analyzed in chapter 8.
4.6 Chapter 4 Summary
Several heat rejection features and a pressure limiting feature were examined for
incorporation into the proposed containment. Heat rejection through the steel shell can be
enhanced by using an air-convection annulus on the upper portion, and an external pool
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on the lower portion. The in-containment pressure rise can also be limited by increasing
the in-containment heat sinks by incorporating a large internal pool into the design.
The performance of the air convection annulus formed between the primary steel shell
and the secondary concrete enclosure was discussed first. The performance predictions
for this feature involved the determination of an appropriate heat transfer correlation for
use with the GOTHIC code, which predicts the overall heat transfer for the containment.
The chosen correlation accounts for flow geometry and operating regime, and was
modified to include the effect of radiative heat exchange between the steel shell and the
secondary concrete enclosure. Effectiveness questions associated with multiple axially
separated air inlets were resolved. The annulus air-convection is an effective heat
rejection enhancement as demonstrated by the GOTHIC code predictions; using an air
convection annulus, in which radiative heat exchange occurs also, decreases the peak
pressure for a containment of the size of Waterford 3 by nearly 60 psi relative to the
pressure obtained for a bare steel shell configuration. Nearly 13 MW are removed during
the peak pressure period of a large break LOCA transient. The heat rejection rate to the
air-convection annulus also offers the potential for heat transfer augmentation through the
use of fins and/or surface roughening.
The heat transfer rate to the environment was increased by incorporating an external pool
into the design of the proposed containment. Two external pool configurations were
examined: an annular pool of variable height, and a large external moat that submerges
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the lower half of the containment shell. The annular pool operates in the free convection,
subcooled nucleate boiling and/or saturated boiling regimes. The transition from one
regime to another, and consequently the heat transfer rate was shown to depend on pool
height and degree of mixing between the water contained in the annulus between the
primary and secondary shell and the water outside the secondary shell. The external moat
operates exclusively in the free convection regime, but is highly efficient at removing
heat from the containment because it remains at a constant low temperature throughout
the transient. A containment that is equipped with a moat on the lower half and an air-
convection annulus on the upper half will reach peak pressures more than 100 psi lower
than a comparable size bare steel shell containment. The moat removes nearly 110 MW
during the period of peak pressure.
The pressure rise inside the containment was also limited by incorporating a large internal
pool. The runs reported in this chapter were done with an internal pool that extends all
the way to the shell, i.e., there is no separate tank that contains the internal pool. Runs
done during latter stages of this research (and reported in subsequent chapters) modeled
an internal pool contained in a tank with a 9 ft smaller radius than that of the
containment; the tank configuration has the advantage of allowing condensation on its
lateral surfaces also, and allowing the steam/air mixture to convect in the 9 ft annulus
between the tank and the steel shell. The large internal pool was shown to decrease peak
pressure by more than 20 psi relative to a containment equipped only with an air-
convection annulus and an external moat. The heat transfer rate to the internal pool is
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very effective in the early stages of the transient, reaching 20 MW; during the peak
pressure period, the heat transfer rate to the internal pool is approximately 10 MW. It is
important to note that in the current analysis, the effect of a blowdown through the
internal pool was not evaluated. Automatic depressurization systems proposed for new
designs of PWRs can direct the blowdown jet into the internal pool. The immediate
condensation of steam would significantly limit the containment atmosphere pressure
rise, as in BWRs with suppression pools.
Another means of limiting the pressure rise inside the containment is by storage in
internal heat sinks. This chapter has looked separately at the storage in a designated
internal water pool but has not considered the possibility of increased storage in the
concrete and steel that are part of the containment structure. The storage in concrete
sinks can be substantial, as was calculated by Forsberg et al. [1989, p. 11-65]. The
GOTHIC model for the proposed containment has the same amount of internal concrete
as currently operating PWR containments; the pressure limiting contribution of additional
internal concrete sinks was not studied
The individual study of the heat-rejection and pressure-limiting features discussed above
show them to be effective for incorporation into a passive containment design. Their
combined heat transfer capabilities, as evaluated in overall heat rejection studies using
GOTHIC, shows that passive heat rejection from a large water reactor is feasible. A
larger, yet still realistic, containment with these features incorporated into its design is
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proposed in chapter 7.
chapter 8.
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CHAPTER 5.
HEAT TRANSFER TO A LARGE MOAT
Two external pool configurations were examined during the conception of the proposed
design. The first configuration was an annular pool that operates principally in a
saturated boiling regime. The performance of the annular pool was described by Hwang
[1994]. The advantage of an annular pool is that it operates with the high heat transfer
coefficient characteristic of saturated boiling. However, heat rejection to a large moat
that operates in the free convection regime (and thus has a significantly lower heat
transfer coefficient than that for saturated boiling) is comparable to the heat rejection to
an annular pool because of the large temperature difference between the containment
atmosphere and the temperature of the pool water.
Hwang [1994] used PREWAS to compare the performance of an annular pool that
operates in the saturated boiling regime, and an external moat that operates in the free
convection regime. The comparison was done for two external pool heights (30 and 40
m). The moat temperature was assumed to remain constant at 320C. Figure 5.1 shows the
heat removal capacity for a boiling annular pool and a moat that operates in free
convection; the ratios of integral removal power to integral decay power are shown. Both
the 30 and 40 m high free convection moats remove more heat than the boiling annular
pools of the same depths. Furthermore, a 30 m high moat is more effective than a 40 m
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high boiling annular pool. Figure 5.1 also shows that a moat's removal capacity catches
up with the decay power within less than 0.1 hours, which means that past that point the
moat begins to cool the containment atmosphere. A boiling annular pool reaches a
removal to decay power ratio after more than 30 minutes, and thus does not begin to
restore conditions in the containment before that. The external moat has the additional
advantage of providing a practically unlimited heat sink at the containment boundary.
An experimental apparatus was set up to test the performance of an external pool that
operates in the free convection regime, i.e., under similar conditions to the moat proposed
for the current containment design. The experiment was designed to simulate operating
conditions similar to those occurring during a worst case energy release accident. This
chapter describes the experimental apparatus, the data reduction procedure, and the
results obtained from the external moat experiment. The heat transfer coefficients
determined from experimental data are compared to heat transfer coefficients predicted
by the GOTHIC code.
5.1 Moat-heat-transfer Experimental Apparatus
The large radius of the steel shell containment makes the heat transfer to the external
moat essentially free convection on a flat plate. The Nusselt number is therefore:
1/3
Nu oc Gr , and thus
FC
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) o L -•AT , (5-1)
FC
which yields:
1/3
h ocAT (5-2)FC
Since the heat transfer coefficient does not have a dependency on characteristic length, no
special scaling considerations were required for this experimental setup.
The moat experimental setup was created by modifying the annular-pool experimental
apparatus described by Hwang [1994]. The moat experiment was constructed in the
High-bay Test Facility in the W.M. Rohsenow Heat Transfer Laboratory at MIT. Figure
5.2 shows a schematic of the moat heat transfer experimental setup. The steam pipe,
external annulus wall and other important components shown in figure 5.2 are described
in subsequent paragraphs; component dimensions are listed in table 5.1.
Steam is input into the steam vessel through a distributor pipe. The steam is obtained
from the MIT steam supply system, which provides a nominal 0.138 kg/s of 0.48 MPa
saturated steam to the heat transfer laboratory. A fiberglass-insulated hot water tank is
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Table 5.1 Dimensions of Components of the Moat Experimental Apparatus
Component Purpose Geometry Outer Wall Height
(Material) diameter thickness (ft)
(in) (in)
Steam creates "in-containment" perforated tube 1.05 0.113 20
distributor conditions inside the steam (304 S.S.)
pipe
Steam pipe simulates the containment hollow cylinder 4.5 0.237 20
steel shell (304 S.S.)
Annulus simulates the outer moat hollow cylinder 24 0.663 12
wall boundary (PVC SDR 41)
Reducer connects the annulus to the hollow cone section 24 bottom 0.024 6
chimney (galvanized steel) - 12 top
Chimney protects the lab from steam hollow cylinder 12/14 0.024/0.25 50
that evaporates during tests (insulated
galvanized steel
lower section/ PVC
upper section)
used as a gravity driven steam-water separator (a 16 inch diameter, 4 feet high insulated
tank) prior to the steam entering the steam distributor inside the vessel; this ensures the
near-saturation quality of the steam. The steam distributor is a 20 ft (6.096 m) high, 1.05
in (2.667 cm) outer diameter steel pipe that has axially staggered (090 rotation) holes
located 1 ft (0,3048 m) apart. The holes are each 1/8 in (3.175 mm) diameter and provide
a total steam outlet area of 0.533 in2 (3.439 cm 2); the steam outlet area is less than half
the cross section of the distributor pipe, which is the rule of thumb requirement for
uniform axial distribution.
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The containment steel shell is simulated by the central steam vessel. The heated 304
stainless steel steam vessel is 20 ft (6.096 m) tall and has a 4.5 in (11.43 cm) outer
diameter. (See chapter 3 of Hwang, 1994 for a detailed description of steam vessel
internals.) The steam distributor is centered inside the steel pipe. There are top and
bottom vents in the steam pipe that permit the venting of noncondensables once steam is
injected and during the test. A safety relief valve is installed at the top of the steam
vessel. The level of condensate inside the steam vessel is monitored through a sight
glass; condensate that accumulates at the bottom of the steam pipe is drained regularly
through a bottom drain. The steam and temperature inside the steam vessel is controlled
through a flow regulator installed on the inlet line to the steam distributor. Because the
pool is only filled to a 5 ft (1.524 m) height, the portion of the steam vessel above 5 ft
(1.524 m) was capped with stove pipe; the stovepipe cap limits radiative heat transfer and
convection along the upper 15 ft (4.572 m) of the steam pipe thus reducing heat losses
above the water pool.
The outer PVC cylinder confines the water pool. The PVC annulus is 12 ft (3.6576 m)
high and has a 24 in (0.6096 m) diameter. The water pool thus forms a 9.75 in (24.765
cm) annulus around the steam vessel.
A reducer with venting holes connects the PVC annulus to the chimney. The chimney
protects the Rohsenow Heat Transfer Laboratory shaft from heat and moisture released
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during tests. The chimney extends for 50 feet (15.24 m), i.e., all the way to the outlet on
the roof of the building.
A feed and bleed system was also installed. Diametrically opposed feed and bleed lines
were installed in the pool. The feed water is taken directly from the tap; since the water
pressure is 50 psia (0.35 MPa), no charging pump is necessary. A regulator valve, a
thermocouple and a flow meter are installed on the feed line. Both the feed and the bleed
lines have holes in the discharge and suction portions; the holes are directed toward the
annulus wall such that momentum contributions of the feed and bleed streams are
minimal. The bleed line is also equipped with a thermocouple, a flow meter, a suction
pump and a regulator valve. The bleed line is insulated to minimize heat losses.
No feed and bleed tests were performed because a sufficiently low heat flux was obtained
during the quasi-steady-state test to get conclusive results for free convection in the
expected operating region of the external moat. Should the need arise for the expansion
of the data outside the regime covered in this thesis, the feed and bleed system will permit
the control of the pool temperature, which together with the steam temperature, dictates
whether heat transfer to the pool occurs through free convection, subcooled nucleate
boiling or saturated boiling.
The instrumentation for the moat experiment consists primarily of thermocouples.
Thermocouples were used to monitor and record the steam temperature inside the steam
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vessel, the vessel wall temperature, the water temperature at the center of the pool and the
water temperature at the PVC annulus wall. Figure 5.3 indicates the location of the
thermocouples and other instrumentation; table 5.2 indicates the purpose and position of
the moat experiment instrumentation.
Table 5.2 Instrumentation for the Moat Experiment
Instrumentation Purpose Location
radial (in)/azimuthal (*)/axial ft)
Ambient Thermometer monitor ambient temperature Tat, portable
Steam Thermocouples monitor steam temperature TC 1 1.5/0/2
(TCS) TCs2 1.5/0/6
Vessel Thermocouples monitor steam vessel TC,3 2.25/0/0
temperature
(TCV) TC,4 2.25/90/1
TCy5 2.25/180/2
TCV6 2.25/270/3
TC,7 2.25/0/4
Center-pool TCw•8 6/0/0
Thermocouples TCw19 6/90/1
(TCwc) TCw 10 6/180/2
TCw11 6/270/3
TCwc12 6/0/4
Outer-pool TCw,13 12/0/0
Thermocouples TCwj14 12/90/1
(TCwo) TCwol5 12/180/2
TCw16 12/270/3
TCw017 12/0/4
Feed/Bleed monitor pool inlet and outlet TCffw on feed line
Thermocouples temperatures TCbIeW on bleed line
Barometer monitor atmospheric pressure pa. portable
Steam Pressure Gage monitor steam vessel pressure Pta on steam line
Flow Meter monitor feed inlet rate FM on feed line
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r vessel wall
rsteam
3r center
Dr outer
0 T.
Tatm
TCW
. .
Ift
TCmd
.. _
157
Thermocouples were installed on the inside of the steam vessel; these two thermocouples,
located at 2 and 6 ft (0.6096 and 1.8288 m), respectively, are used to monitor the steam
temperature inside the vessel. During tests, the steam regulator valve is adjusted to
maintain constant conditions inside the steam vessel according to readings obtained from
these thermocouples.
The azimuthal distribution of thermocouples on the vessel and in the pool was designed
to monitor circumferential mixing in the pool. The axial staggering was designed to
monitor the occurrence of thermal stratification in the pool. Five thermocouples are
installed on the exterior of the steam vessel. These thermocouples are staggered at 900,
one foot apart axially. Another 10 thermocouples are used to monitor the pool water
temperature; 5 thermocouples take readings in the middle of the pool, and 5 take readings
at the outer boundary of the pool. The 5 center-pool thermocouples and the 5 outer-pool
thermocouples are also staggered at 90", 1 ft (0.3048 m) apart axially. (See figure 5.3.)
The center- and outer-pool thermocouples are on the same radial lines as the vessel
thermocouples.
The other instrumentation relates to the feed and bleed system. Thermocouples are
installed on the feed and bleed lines to monitor inlet and outlet pool temperatures. A flow
meter installed on the feed line gives the feed and bleed rates; the feed and bleed rates are
equal because the pool level is maintained at a constant level. As mentioned previously,
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the feed and bleed tests were not carried out because a sufficiently low heat flux from the
vessel was maintained during quasi-steady-state tests. This allowed the collection of
sufficient data to characterize free convection heat transfer to an external moat.
5.2 Moat Heat-transfer Coefficients
The external moat of the proposed passively cooled containment stays at sufficiently low
temperatures to operate in the free convection regime throughout postulated worst-case
design bases accidents. The heat transfer through the steel shell to the external moat can
be expressed as:
r" =h (T w - ,T (5-3)
moat FC wall moat
where: i" - average heat flux to the moat,
moat
hFc - heat transfer coefficient for free convection,
T - average steel shell temperature, and
wall
T - average moat temperature.
moat
The above equation uses average temperatures for the steel shell and the moat. Two
factors have to thus be considered: one, the temperature distribution on the steel shell and,
second, the mixing of the moat water. For relatively uniform steel shell and moat water
temperature distributions, the heat rejection rate from the containment to the moat can
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thus be determined if the heat transfer coefficient is known. The heat transfer coefficient
for the expected regime of operation of the moat was determined from the moat
experiment data.
The heat flux in the moat experiment can also be expressed by equation (5-3):
pool FC vessel (5pool-4)
where: -" - average heat flux to the pool,
pool
hF - heat transfer coefficient for free convection,
T - average steel vessel temperature, and
vessel
T - average pool bulk water temperature.
pool
The heat flux to the pool can also be calculated using the heat-up rate of the water:
" 1 m C CT U-C T (5-5)
pool A At poo pool.i+l p pool,ii
submerged
where: A - surface area of the submerged portion of the steam vessel,
submerged
m - pool water mass, and
pool
At - time interval between times ti and ti+l.
The heat transfer coefficient can thus be determined from equations (5-4) and (5-5):
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1 1 1h = m 0E T - T (5-6)
Fc - At pooppooi+1 p001.ooli
vessel pool submerged
where the average bar indicates a time averaging of the variable over the interval At.
Equation (5-6) assumes that heat loses to the ambient are negligible during the heat-up.
Heat losses estimated in appendix D show that the assumption of negligible heat losses is
appropriate for the quasi-steady-state test performed.
The test was performed with an increasing step function of steam temperature. At the
beginning of the test when the pool water was coldest, the lowest achievable steam
temperature (105 0 C) was maintained. 12 Because the steam temperature is low, the heat
transfer rate is low and a quasi-steady-state behavior is attained. As the pool temperature
increased, the steam temperature was also increased; at 30 minutes the steam temperature
was raised to 115 0C, and at 60 minutes it was raised again to 1250C. By increasing the
steam temperature as the pool heats up, a low AT is maintained between the steam and
the pool, and the heat-up rate remains near quasi-steady-state throughout the test..
Figure 5.4 shows the temperature data collected from the moat experiment; the raw data
and the data reduction procedures are included in appendix D. Figure 5.4a. shows the
average center region and outer region temperatures. Each average was obtained from
the 5 thermocouples installed at different elevations in each region. (See figure 5.3.)
12 Lower steam temperatures can be attained in the vessel, but the fluctuations in pressure gage reading
make it difficult to maintain constant steam temperatures.
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The difference between the average temperature of the central region and that of the outer
region remains below 60C throughout the test. This indicates that the pool is well mixed
radially. However, a conclusion drawn from a 9 in (22.9 cm) annulus cannot necessarily
be extended to a large moat (e.g., the 50 m'3 moat evaluated for the proposed design). A
larger scale moat experiment would be needed to completely resolve the issue of radial
mixing.
Figure 5.4b. shows the average temperatures of the pool water at 0, 1, 2, 3 and 4 ft (0,
0.3048, 0.6096, 0.9144, and 1.2192 m). The average temperatures were obtained by
averaging the center- and outer-region thermocouple readings at each elevation. (See
figure 5.3.) Two conclusions can be drawn from these curves: one, a cold layer forms at
the bottom of the pool. The noncondensables that accumulate at the bottom of the steam
vessel keep the lower portion of the steam vessel cold, which leads to stratification of the
pool that manifests itself as a cold layer along the noncondensable region of the vessell 4,
and a uniform warm layer along the steam region of the vessel. This pool stratification is
similar to that observed by Kataoka et al. [1992], whose experimental results for the
Toshiba water wall, showed that the outside pool becomes stratified to match conditions
inside the shell. The second conclusion is that the pool is axially well mixed above the
bottom cold layer. The temperatures recorded above the noncondensable region (i.e., at
13 A very large moat was used to ensure a constant temperature in GOTHIC runs. The moat will have to be
resized later because calculations show that even a 30 m moat that stores the entire blowdown-, sensible-
and decay-heat released in a 3 day period following a LOCA would only become 40 C warmer.
14 Noncondensibles were also vented regularly through the bottom vent, but the vent is at 6 in (15.24 cm)
elevation and thus only noncondensibles above that level are exhausted.
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elevations that correspond to the 1, 2, 3 and 4 ft thermocouples) remain within 50C of
each other throughout the test.
The heat transfer coefficients were calculated using equation (5-6). Figure 5.5 shows the
behavior of the heat transfer coefficient obtained from the experimental data. The heat
transfer correlation suggested by Kataoka et al. [1992] is also plotted on the figure.
Kataoka's heat transfer correlation' 5 is:
1/3
Nu = 0.13Ra , (5-7)
where the Raleigh number is calculated using the temperature difference Grashof number:
gl3AT13
Ra = Gr. Pr = gCp / k, (5-8)
2  P
in which 1 is the convection length, i.e., the pool height.
The good agreement between the moat experiment heat transfer coefficients and
Kataoka's correlation is expected because the two experiments were performed using
similar experimental configurations, and because the data on which the Kataoka heat
transfer coefficient is based covered a wide regime. The moat experiment thus confirms
that the correlation for free convection along a flat plate obtained by Kataoka et al. is
suitable in evaluating the performance of the external moat.
15 Note that this correlation has the same form as the McAdams turbulent convection correlation.
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Heat Transfer Coefficient for Moat Free Convection
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Figure 5.5 Heat transfer coefficients determined from the moat experiment and
calculated using the Kataoka correlation
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Finally, the Kataoka correlation was compared to GOTHIC code predictions. The
Kataoka heat transfer coefficient was calculated based on moat temperatures and moat-to-
shell temperature differences predicted by GOTHIC. Therefore, the ratio of the heat
transfer coefficients from GOTHIC and Kataoka is proportional to the ratio of heat
rejection rates obtained from GOTHIC and Kataoka. Figure 5.6 shows the heat transfer
coefficient predicted by GOTHIC for the outside of the steel shell during a LOCA
transient; the Kataoka correlation coefficient is also shown on the figure. The GOTHIC
code under-predicts the heat transfer coefficient throughout the transient. The flat plate
turbulent natural convection correlation employed in GOTHIC is the reason for the under-
prediction. However, because the heat transfer coefficient is under-predicted, the heat
transfer rate to the moat is also under-predicted. Therefore, GOTHIC code predictions
for the performance of a passive containment equipped with an external moat are
conservative.
Figure 5.7 shows the dependence of the Kataoka heat transfer coefficient on moat
temperature and on the temperature difference between the moat and the exterior of the
steel shell. The heat transfer coefficient increases with both moat temperature 16 and
shell-to-moat temperature difference; this dependence is largest when both moat and shell
temperatures are low. Since the moat temperature is fixed, the shell temperature dictates
the performance of the moat. The stratification shown in the moat experiment and in the
Toshiba experiment indicates a strong coupling between the in-containment axial
16 Note that as the pool temperature increases, the pool-to-shell temperature difference decreases, and thus
the heat transfer rate to the pool is not necessarily also increasing.
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Figure 5.7 Dependence of the Kataoka heat transfer coefficient for the moat of the
proposed passively cooled containment on moat temperature and shell-to-moat
temperature difference
168
temperature distribution and the temperature distribution of the submerged portion of the
shell. Therefore, good axial mixing of the containment atmosphere is essential to get
sufficiently high temperatures of the containment atmosphere and thus of the steel shell in
the moat region.
Another important conclusion can be drawn from figure 5.7: the heat transfer coefficient
for free convection increases significantly with increasing water temperature. This is
expected because:
1/3 1/3
h oc Nu oc Ra oc (Gr -Pr) (5-9)
Since the Grashof number is dependent on go, which is which is a strongly increasing
2
function of temperature, the heat transfer coefficient increases with bulk moat
temperature. The benefit of this behavior is that during periods when environment
temperatures (and hence moat temperatures) are high, the heat transfer coefficient is also
high, and compensates for the decrease in temperature difference between moat and steel
shell. For example, for a steel shell temperature of 100 'C, when the moat is at 30 oC, the
heat transfer coefficient is about 850 W/m2K. At the same steel shell temperature, when
the moat is 60 'C, the heat transfer coefficient is about 1500 W/m2K. These numbers
demonstrate that approximately the same heat fluxes ( 59.5 kW/m 2 for the 30 'C moat,
60.0 kW/m2 for the 60 'C moat) are being removed for a wide range of moat
temperatures. This is especially important because the moat, which is the most effective
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heat removal feature of the proposed containment, is demonstrated to remain highly
effective even under the most adverse (highest temperature) ambient conditions.
5.3 Chapter 5 Summary
A moat experiment apparatus was constructed that allowed the evaluation of the heat
transfer coefficient to the moat included in the proposed passively cooled containment
design. Data was taken in the expected range of operation of the moat. The experimental
heat transfer coefficient showed good agreement with the vertical flat plate heat transfer
coefficient determined at Toshiba by Kataoka et al. [1992].
The GOTHIC heat transfer coefficient obtained during a LOCA run was compared to that
predicted by the Kataoka correlation. The GOTHIC code underpredicts the heat transfer
coefficient to the moat. Consequently, GOTHIC code heat rejection predictions are
conservative. However, since the coefficient predicted by GOTHIC is more than 30 %
smaller than that determined experimentally (which means, the heat rejection rate is 30 %
lower), this conservatism is significant and leads to the design of an unnecessarily large
moat. The incorporation of an improved heat transfer coefficient correlation (i.e., the
Kataoka correlation) into the GOTHIC code logic would yield more adequate best
estimate predictions, and would permit a more proper sizing of the moat.
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The thermal layering observed during the moat experiment test and the Toshiba test leads
to an important conclusion: the pool performance is tightly coupled to in-containment
axial temperature distribution, and confirms that mixing inside the containment is
essential for the moat to meet its heat removal function. Two factors affect the heat
rejection to the moat: the temperature difference between shell and moat, and the heat
transfer coefficient. If the shell remains at low temperatures both the shell-to-moat
temperature difference and the heat transfer coefficient are small, and thus the heat
rejection capability is retarded.
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CHAPTER 6.
THERMAL STRATIFICATION IN THE CONTAINMENT ATMOSPHERE
The temperature distribution inside the containment is very important for two reasons.
The first reason is that our proposed containment configuration relies heavily on the
external moat located along the lower half of the shell for heat rejection, and on the
internal pool located at the bottom for heat storage. Should the containment atmosphere
become strongly stratified, the temperature in the lower portion of the containment would
be lower than in the case of a well mixed containment atmosphere, and thus the rates of
heat transfer from the containment atmosphere to the pools would be diminished.
The second reason is that in a severe accident the hydrogen would rise to the top of the
containment. In a poorly mixed containment atmosphere, the hydrogen could accumulate
at the top of the containment until combustible concentrations are reached. Furthermore,
given the fact that steam acts as an inerting gas, if the hydrogen-steam mixture at the top
of the containment is cooled after significant hydrogen buildup occurs, the condensation
of steam would deinert the high-concentration-hydrogen regions, which could also result
in combustion. These considerations led to an investigation of the flow patterns and
temperature distributions that occur inside the containment, and an evaluation of the
mixing potential in a containment that is equipped with an external water pool and an air-
convection annulus.
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The factors that lead to thermal stratification of the containment atmosphere are covered
in this chapter. Several thermal stratification tests were performed using a small scale
experimental setup. The experimental results were used to develop a modeling scheme
for GOTHIC that can adequately predict the occurrence of thermal stratification. Both
the convective flow and the rate of condensation are important in properly modeling the
flow along the steel shell, and thus the potential for the development of a thermally
stratified containment atmosphere. Consequently, the condensation correlations available
in GOTHIC are also discussed.
6.1 Factors Affecting Thermal Stratification
It is commonly accepted that one refers to a thermally stratified atmosphere as a persistent
condition in which the temperature at the top is significantly higher than that at the
bottom. Thermal stratification occurs in a reactor containment when the hot steam
accumulates at the top and cold air accumulates at the bottom of the containment, and
when insufficient mixing exists between these two regions. Significant mixing is
required to break the stratification because the natural tendency of the system is for the
hot, less dense, steam to rise toward the top, and for the cold, more dense, air to sink
toward the bottom.
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Several factors that affect the occurrence of thermal stratification can be identified. These
factors are [Gavrilas et al., 1994]:
* time period of energy release (i.e., blowdown, sensible, or decay energy),
* form of steam release (i.e., jet or plume), and
* elevation of release location.
The difference between a jet and a plume is that the jet contributes part of its momentum
to the surrounding air-steam mixture, which results in mixed (free and forced)
convection. The plume only contributes to the mixing of the containment atmosphere by
entraining the surrounding fluid along its path; this convection of the steam-air mixture is
therefore purely natural. The blowdown mass flow rate can always be assumed to be very
large since both LOCA and MSLBA energies are assumed to be released through breaks
in the coolant piping. Therefore, the blowdown flow field is a jet. The long term release
can occur either through the break location, or over the entire surface of a pool that
submerges the break location, i.e., it can be either a jet or a plume.
The elevation of blowdown and long term release are important because the length of the
convection path determines how much of the volume gets mixed. Because the released
steam is significantly less dense than the air, the convection path is the distance between
the release location and the top of the containment"7. A jet has sufficient momentum to
create a large convection loop throughout the open space of the containment. Therefore,
17 Note that the effect of obstacles that can shorten the convection path has not been evaluated in this work.
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a jet will lead to a well mixed atmosphere regardless of release elevation. Release
elevation is important in the occurrence of thermal stratification in the case of a plume. A
plume will only be effective in entraining the surrounding steam-air mixture between the
release location and the top. A low-release plume will rise over the entire convection
length available in the containment, and thus contribute significantly to containment
mixing. When the steam is released as a plume at a high elevation, the steam entrains
little of the air in its path toward the top of the containment.
The importance of break elevation was observed in experimental tests and in computer
modeling. The most important experimental data were obtained from tests 11.1 to 11.5
performed in the HDR facility. [Wolf, 1993] Conclusions relevant to containment
mixing were obtained from tests E 11.2 and E 11.4. Both these tests simulated a small
break. The release elevations were 23 m for test E 11.2 and 0 m for test E 11.4".
Thermocouple readings indicated that the high-elevation-break test led to the occurrence
of significant stratification in the containment; the containment temperatures remained
cold below the release point through the first 800 seconds of the transient before the
containment spray was initiated. In contrast, the low-elevation-break test showed very
little axial temperature variation in the containment without the action of containment
sprays. [Wolf and Valencia, 1991]
'
8 The HDR has a vertical convection length of 50 m.
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The same type of predictions was obtained by Gavrilas et al. [1994] from GOTHIC runs.
In a 65 m high, cylindrical containment with a hemispherical dome, the case of a low-
elevation plume-release (20 m above the containment floor) showed sufficient mixing in
the containment to prevent thermal stratification from occurring; the high-elevation
plume-release (48 m above the containment floor) led to thermal stratification in the
containment. The GOTHIC runs showed, however, that if the energy is released in jet
form, there is little thermal-stratification even in the most unrealistic case (an upward jet
in the uppermost cell, i.e., less than 10 m below the top of the dome).
There are other factors that influence the occurrence of thermal stratification. One of
these factors is the presence of obstacles in the path of a jet. The obstacles can decrease
the momentum of a high-elevation jet and effectively turn it into a plume. This is of
concern for high level breaks. Baffle walls can, theoretically, be used to enhance
containment mixing and thus minimize the potential for thermal stratification. However,
baffle walls were shown to be ineffective in the proposed containment (as was discussed
in chapter 4), and also for the containment of the pressure tube light water reactor
discussed in Gavrilas et al. [1994]
The steam release sites were modeled at the highest plausible level for the design bases
LOCA and MSLBA analyses discussed for the proposed containment in chapter 8. This
ensures that the most conservative results will be predicted by the GOTHIC code. Also,
the maximum plausible break cross-sections were used to ensure the release is in the form
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of a plume after the blowdown period. This model is conservative regarding release
elevation in the case of a LOCA, during which the break will become submerged and
during which the release will occur over the entire surface of the submerging pool once
the "pot-boiling" stage is reached. The model thus uses a high-plume release instead of
the low-plume release, and thus underestimates in-containmnt mixing.
6.2 Thermal-stratification Experiment
In an overall containment analysis, the code used has to be able to predict the occurrence
of thermal stratification. The ability of the GOTHIC code to predict thermal stratification
was therefore verified against experimental data. The initial use of an evenly subdivided
volume to predict the behavior of thermal-stratification tests showed very poor agreement
with experimental data: the mixing inside the volume was over-predicted to the point of
showing practically no temperature variation with elevation. Consequently, a special
modeling technique for use in GOTHIC -- the "boundary layer" model -- was developed
to improve the code's ability to predict the occurrence of thermal stratification.
In the steam-rich atmosphere that exists in the containment following an accident,
convection occurs because of momentum imparted by the released steam, and because of
temperature gradients between different regions of the atmosphere and between the
atmosphere and the heat sinks. Figure 6.1 presents the convection issues that have to be
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Figure 6.1 Schematic of expected steam/air behavior in the boundary layer that forms
along a cold steel shell
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investigated regarding the effect of wall convection and condensation on the occurrence
of thermal stratification. As the steam-air mixture flows along the cool shell, steam
condenses and the cooler air flows downwards. This results in segregation of the less
dense hot steam which accumulates at the top of the containment and the cool air which
builds up at the bottom of the containment. In the absence of sufficient mixing, the
effect of this segregation is the development of a significant axial temperature and steam-
concentration gradient in the containment atmosphere.
There are two important reasons why a thermally stratified atmosphere is undesirable.
The first reason is specific to the design of our proposed containment. The principal heat
sink is the external moat and thus a high temperature difference is desirable between the
containment atmosphere in the lower region of the containment and the surrounding moat
water. In a thermally stratified containment, the temperature of the bottom containment
atmosphere is lower than it would be in a well mixed containment atmosphere, and thus a
reduction in the heat flux to the environment through the moat is expected to result.
There is a secondary undesirable effect of the diminished heat transfer rate on the lower
portion of the containment: in a mixed atmosphere, the condensation of steam along the
moat portion of the containment shell exerts a drag on the steam-air mixture and thus
promotes the mixing of the atmosphere. Thus, this contribution to mixing would be
significantly curtailed in a thermally stratified atmosphere.
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The second reason comes into play in a severe accident that would involve the release of
hydrogen. A thermally stratified atmosphere will effectively lead to the accumulation of
hydrogen at the top of the containment. Since hydrogen is a noncondensable gas, it
would act to impede the heat transfer from the top of the containment atmosphere to the
environment. Furthermore, should heat transfer be suddenly increased on the upper
portion of the containment, the deinerting of the containment atmosphere resulting from
the rapid condensation of steam could lead to hydrogen combustion.
These phenomena make it very important to assess the extent to which thermal
stratification will develop in the proposed containment and the effect it would have on the
performance of this containment. There are two factors that have to be evaluated: one is
whether thermal stratification will occur under any plausible accident scenarios, and the
second is whether the containment design can still meet its pressure limiting function
(i.e., can the heat sinks still remove sufficient heat, or can the stratification be broken)
should thermal stratification occur. The principal means of predicting both these factors
is the GOTHIC code. The code must therefore be able to properly account for all the
phenomena involved in thermal stratification.
Most important among these is the downwards flow of air in the boundary layer adjacent
to the steel wall. Figure 6.2 shows the velocity profile expected in a containment with a
cooled shell. The flow of air in the boundary layer formed along a cool shell results in an
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accumulation of cold air in the lower regions of the containment. The flow outside the
boundary layer results in an upward movement of the steam/air mixture.
If a near-wall computational cell extends far beyond the actual boundary layer, the
downward flow of air near the shell is diminished by the upward flow of air in the
balance of the cell. The calculation, therefore, does not predict the proper transfer of cold
air towards the bottom of the containment, which may lead to a significant
underestimation of the segregation between the cold air and the hot steam. The ability of
the code to properly model this phenomenon and the determination of a proper modeling
scheme can only be determined by comparison to experimental results.
The mechanical engineering department engineering projects laboratory at MIT has an
experimental setup that is appropriate for the investigation of the physics of thermal
stratification, and thus affords the means of validating the predictions obtained from the
GOTHIC code regarding the occurrence and evolution of thermal stratification. Figure
6.3 shows the thermal-stratification experimental setup.
A 1 cubic foot volume simulates the reactor coolant system (RCS). The water level,
pressure and temperature in the RCS volume are adjusted by using the steam and vent
lines connected to this volume. Once the desired near-saturation conditions are created
inside the RCS volume, one (or both) of the lines connecting the RCS volume to the 4
cubic foot containment volume is (are) opened and the steam-water mixture flows into
182
Instrumentatioi
pre:
uppi
mid
lowi
nrin
Figure 6.3 Schematic of the thermal-stratification experimental setup
~,------, -------- ~----- ---------- ,--
183
the containment volume. The steam in the containment volume consequently condenses
due to natural convection on the shell of the containment volume, and circulation
develops inside the containment volume. Three thermocouples installed on the
containment volume outer wall (in the lower-, middle-, and upper planes) are used to
monitor temperatures. Table 6.1 identifies the tests performed and their initial conditions.
Table 6.1 Thermal -stratification Tests Initial Conditions
Test Number -- RCS Initial RCS Initial RCS Initial Blowdown
Test Date Pressure Temperature Water Level Location
(psig) (0C) (in)
1-- 10/27/94 35 136 6 bottom
2 -- 11/04/94 35 136 3 top
3 -- 11/04/94 32 136 3 bottom
Figure 6.4 shows the RCS pressure and the RCS and containment temperatures recorded
for test 1 following the low-elevation blowdown. Note that the time 0 datum corresponds
to the time immediately following the opening of the valve between the RCS and
containment volumes. Figure 6.4a shows the pressure history. As the RCS volume is
vented into the containment volume, there is a significant initial drop in pressure due to
the rapid heat storage in the 85 Ibm of steel of the containment volume, which is at
ambient temperature at the beginning of the test. The subsequent reduction in pressure
Pressure
(psig)
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Figure 6.4 Pressure and temperature histories for test 1 of the thermal-stratification
experiment
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corresponds to the removal of heat from both the RCS and the containment volumes
through convection of air on the exterior of the shells of these two volumes.
Figure 6.4 shows the recorded temperatures of the RCS shell and the containment volume
shell (the latter, at the lower-, middle-, and upper planes where thermocouples are
installed). During the first 10 minutes, containment shell temperatures converge toward
the middle-plane temperature; the lower- and mid-plane temperatures are increasing
because energy is being released from the hot RCS water that accumulated during the
blowdown in the containment volume. After the first 10 minutes, all the containment
shell thermocouples indicate decreasing temperatures, which indicates that heat is being
removed along each segment of the containment shell. However, since the curves are not
converging, the shell thermocouple readings cannot provide insight into how much of the
temperature decrease on each section is due to heat rejection to the ambient versus how
much is due to mixing among the sections of the containment volume. It needs to be
noted, that the low-elevation blowdown scenario that was plotted here, is most conducive
to mixing during the early stages as the hot steam rises from the blowdown location to the
top of the containment volume. There is another important factor to be considered in this
test, namely the fact that during a low blowdown, the water from the RCS volume is also
discharged into the containment volume, and thus a heat source is placed at the bottom of
the containment volume. This low-lying heat source also enhances mixing within the
containment volume.
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The poor resolution of data collected from test 1 made this test less useful for
comparisons with GOTHIC code predictions. The initial conditions of tests 2 and 3 were
used for all comparisons with code results. The data from tests 2 and 3 are plotted along
with the GOTHIC code predictions on figures shown in the next section.
6.3 Boundary-layer Cell GOTHIC Model
The boundary layer thicknesses of the steam and the air were computed assuming near-
laminar flow using the integral solution for laminar flow with Eckert's temperature
profile approximation. [Eckert, 1950] The convection in the containment, and, in the
early stages of the transient, the convection in the experimental setup is turbulent, but the
boundary layer thickness computed for the laminar flow conditions is still appropriate as
discussed next. The boundary layer thickness is used to determine the mesh size along
the wall for computer input. The reason for adopting this mesh size is to effectively
isolate the downwards flowing air in the boundary layer from the upward flowing air
outside the boundary layer. Noto and Matsumoto [1975] have shown using digital
computer solutions of the boundary layer equations in turbulent flow that the velocity
profiles show a maximum much closer to the wall than do laminar flow velocity profiles.
Using the laminar boundary layer thickness to determine the near-wall cell thickness thus
ensures that essentially the entire downward flow is encompassed by the cell width. At
the same time, the near-wall cell is still sufficiently small to minimize the effect of
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contributions from upward flowing air/steam in the remainder of the containment on the
shell velocity estimate..
Figure 6.5 shows the computed laminar boundary layer thicknesses at low wall heat flux
and high heat flux for the thermal-stratification experiment. The 100 % steam and 100 %
air boundary layer thicknesses are plotted separately. Since a mixture of air and steam
convects along the wall, the actual laminar boundary layer is bounded by the upper-most
and lowest curves on the figure. To ensure that the entire downwards flow is contained in
the boundary layer cell, the steam at high temperature curve was used for cell size
calculations. This hypothetically laminar boundary layer thickness19 was used to
determine the mesh size of the near-wall cells in the GOTHIC model for the thermal-
stratification experiment.
Figure 6.6 shows the near-wall nodalization schemes used in GOTHIC. Figure 6.6a
corresponds to the conventional model, which for containments typically have thick (3 to
10 m) cells along the wall. Since these cells could not properly model the downward
flow of air, a boundary layer (BL) model with a near-wall cell as shown in figure 6.6b
was proposed. The boundary layer model presents, however, a problem for the
computation of heat transfer along the wall. The heat transfer correlations incorporated in
the GOTHIC code logic are based on the bulk temperature of the steam that convects
along the wall. In a thick near-wall cell (such as that of the conventional model), the cell
~9 The calculations included in appendix C show that, for the thermal-stratification experiment, the
transition to turbulence actually occurs about two-thirds into the convection length.
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Figure 6.5 Laminar boundary layers computed for the thermal-stratification experiment
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average temperature is approximately equal to the bulk temperature. In the thin near-wall
cell of the boundary BL model, the cell temperature is significantly lower than the bulk
temperature. For this reason, heat transfer to the wall would be underestimated if a thin
near-wall cell is used. To remedy this problem, a heat transfer coefficient multiplier is
used in all near-wall cells for input decks using the BL model. The computation of this
multiplier and its effect on GOTHIC code predictions is discussed below.
The thickness of the boundary layer in cooled flat plate convective flow is a function of
developing length. Therefore, in the upper regions the boundary layer is more narrow
than in the lower regions. The BL model was designed with a near-wall cell thickness
that corresponded to the laminar boundary layer thickness attained about one-third into
the development of the boundary layer (i.e., on the lower two-thirds of the steel shell
convection surface where the rate of growth of the boundary layer with distance is very
small). This means that on the upper part of the convection surface, on which the actual
laminar boundary layer thickness is smaller than the BL model near-wall cell, the cell-
average temperature is higher than the boundary layer average temperature. Figure 6.7
illustrates the relationship between boundary layer thickness and the cell-average
temperature.
All near-wall cells in the BL model input deck have an average temperature that is
significantly lower than the bulk temperature. If a linear temperature profile is assumed
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in the boundary layer, the average temperature of cells which overlap with the boundary
layer can be estimated as Tbulk-AT/2, where AT is the difference between bulk and wall
temperatures; the HTC can be doubled to allow the code to compute the same convection
heat transfer rate as from near wall cells that are at bulk temperature, as demonstrated
later in equation 6.5. In cells that only contain a fraction of the boundary layer, the HTC
multiplier has to be a weighted value, which accounts for the fraction of the cell which is
at the boundary layer average temperature and the fraction of the cell which is at the bulk
temperature. The assumption that the boundary layer temperature profile is nearly linear
and thus the BL-average temperature is well approximated by AT/2 is kept. The
weighted HTC multiplier can be obtained as described below for each of the cells which
do not entirely contain the boundary layer. Figure 6.8 shows the nomenclature employed
in calculation of the weighted HTC multiplier.
The relevant temperatures temperature differences are:
Tbulk - bulk temperature of the steam/air mixture,
Twall - wall temperature,
TceU - cell average temperature,
TBL - boundary layer average temperature,
ATcecu=Tcen-Twal - cell average to wall temperature difference,
ATconv mod=Tbulk-Twal - cell average to wall temperature difference for the
conventional model (i.e., the model in which the boundary
layer is a negligible fraction of the near-wall cell), and
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Figure 6.8 Nomenclature for the calculation of the weighted HTC multiplier for the BL
GOTHIC model
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ATBL=TBL-Twall=ATconv mod /2 - BL average to wall temperature difference. 20
The significant dimensions are:
t - cell thickness, and
8 - boundary layer thickness.
The HTC notations are:
hconv mod - heat transfer coefficient for the conventional GOTHIC model, and
hBLmod - heat transfer coefficient for the BL GOTHIC model.
Using the wall temperature as a reference point, the energy content per unit vertical area
of the near-wall cell can be determined from:
cony mod
t -ATell = (t - 6)ATcov AmTd 2 , and thus, (6-1)
2 t-6
" AT (6-2)cTll 2t con, mod
In the special cases of a cell that overlaps with the boundary layer, and of a cell in which
the boundary layer is a negligible fraction, equation 6.2 yields:
8-t - ATeen= ATconv mod/2 , and
8--0 = ATcen=ATconv mod, respectively.
20 ATBL=ATcon mod/2 because the boundary layer temperature profile is assumed linear.
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To obtain the same overall heat transfer when using the BL cell model, the heat transfer
coefficient multiplier is calculated by balancing the heat transfer flux calculated from the
conventional model and from the BL cell model:
2t -8q"= h AT =h AT =h AT (6-3)S= hcov mod conmod = h BLmod ATcell h BLmod 2t onv mod(6-3)
i.e.,
2t
h =h
BLmod conv,od 2 t - 8 '
(6-4)
which yields in the special cases discussed above:
8=t * hBLmod=2'hconv,mod and (6.5a)
8=0 -= hBLmod=hconv,mod. (6.5b)
Another important remark needs to be made regarding the use of the BL model for
GOTHIC predictions. Figure 6.9 shows the actual and assumed temperature profiles of a
near-wall cell for which the cell boundary and the boundary layer practically overlap. As
was noted above, the heat transfer through the shell is computed from:
q"--=hBLmod (Tcell-Twall).
Tceu is Tactua, BL average if the averaging is made over the actual temperature profile.
However, Tcen is Tasumed, BL average if a linear temperature profile is assumed in the
boundary layer. Since for any convex2l temperature profile
21 For natural convective flow along a cooled plate, the boundary layer T-profile is always convex.
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Tassumed, BL average • Tactual, BL average ,
the BL model calculated heat flux through the wall is less than the actual heat flux. This
implies that the assumption of a linear temperature profile is conservative in terms of
energy removal in the upper containment. The conservatism is preserved for near-wall
cells which extend beyond the boundary layer, but the heat flux is less underestimated as
the boundary layer becomes a smaller fraction of the near-wall cell.
The discharge location for the BL GOTHIC model for the thermal-stratification
experiment had to be further refined. The discharge volume was made to be the
subvolume adjacent to the boundary layer cell. Figure 6.10 shows the BL model for the
thermal stratification experiment. In the BL GOTHIC model of the thermal-stratification
experiment, the near-wall cells are significantly smaller than the rest of the cells in the
subdivided volume. The flow from the RCS volume to the containment volume was
initially modeled by positioning the discharge end of the flowpath in one of these near-
wall cells, which actually corresponds to the experimental configuration, as shown in
figure 6.11. Since this cell is small and thus the interfaces between it and the neighboring
cells are reduced, the discharge energy and mass rates dumped into the discharge
subvolume cannot properly be transferred to the surrounding cells within the same
computational time step. The result is an overestimation of the mass and energy content
of the blowdown cell. A better model avoids the computational difficulties just described
by discharging into the cell adjacent to the BL cell. Given the relatively small size of the
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SIDE VIEW
TOP VIEW
D discharge volume (note that the discharge line does
not cross through the containment volume; the
diagram only shows the flowvath ends)
-W thermal conductor, which represents the walls
Figure 6.10 The GOTHIC BL model for the thermal-stratification experiment
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Figure 6.11 Repositioning of the flowpath connector in the BL GOTHIC model
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BL cell, this modeling has little effect on any predictions except to eliminate numerical
instabilities.
The BL GOTHIC models for the low- and high-blowdown tests (test 3 and test 2 in table
6.1) were run; the results are presented in figures 6.12 and 6.13, respectively. Both
figures illustrate the adequacy of the boundary cell model in predicting heat transfer rates
and the occurrence of thermal stratification. The four data-point sets in each figure
represent the experimental data; the solid lines are GOTHIC code predictions. The four
temperatures plotted are for the RCS shell and the bottom-, mid- and top-containment
shell. As can be seen, GOTHIC predictions accurately describe the behavior noted during
the experiment. The high-blowdown test led to significantly more stratification than the
low-blowdown test. The GOTHIC predictions show that the axial temperature gradient is
more pronounced during the high-blowdown test. Furthermore, the GOTHIC predictions
also estimate well the mixing and heat rejection for each test, as can be seen from the
close match between the experimental and predicted temperature histories.
Further verification of the code output was necessary to ensure that the BL cell model
does not introduce any inaccuracies in the balance of the computations. In particular, the
effect of doubled heat transfer coefficient on the heat transfer rate to/from the condensate
film was examined. When the condensation heat transfer option is selected in GOTHIC,
heat transfer coefficients are computed separately for heat transfer from the liquid and the
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Figure 6.12 GOTHIC predictions for the thermal-stratification experiment; bottom-
blowdown scenario
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Figure 6.13 GOTHIC predictions for the thermal-stratification experiment; top-blowdown
scenario
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vapor present in the same cell. In the GOTHIC input file, the wall heat transfer
coefficient correlation is doubled when the wall-heat-transfer artifice is employed. The
doubling of the heat transfer coefficient only affects the heat transfer to the vapor phase in
the cell and not that to the liquid phase. Figure 6.14 illustrates the calculations of heat
transfer coefficients in the BL model.
Figure 6.15 shows the results obtained from GOTHIC, which illustrate that the heat
transfer to the liquid in the wall cell remains practically unaffected when the BL cell
model is used; the curves plotted are results obtained from the conventional model (i.e.,
one in which the containment volume is subdivided evenly) and the BL cell model (i.e.,
one in which the near wall cells are significantly smaller than the rest of the cells).
GOTHIC predictions for heat transfer coefficients to the lower-, middle- and upper-wall
cells are shown for the bottom blowdown thermal-stratification test. The BL model vapor
heat transfer coefficient is approximately22 double the conventional vapor heat transfer
coefficient, while the liquid heat transfer coefficient remains practically the same. . The
code predictions are thus adequate, since it is not desirable to alter the heat rate to the
condensate film or to a body of water that may be part of a wall cell.
Figure 6.16 shows the heat transfer rates from the liquid and vapor of the cells adjacent to
the wall. The sum of the 2 near wall columns in the mid-shell region was computed for
22 Not exactly double because the cell sizes and thus the cell-average fluid properties are different.
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Figure 6.14 The temperatures and heat transfer coefficients for the conventional model
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a. Vapor HTC for Thermal-stratification Experiment as Predicted by the GOTHIC
Conventional and BL Models
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Figure 6.15 GOTHIC predicted vapor and liquid heat transfer coefficients for the
conventional and BL models
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a. Vapor Heating Rate for Thermal-stratification Experiment as Predicted by the
GOTHIC Conventional and BL Models
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Figure 6.16 GOTHIC predicted heat transfer rates from the wall-cell vapor and liquid for
the conventional and BL models
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the BL model to provide a meaningful comparison to the equal volume near wall column
used in the conventional model. The relatively good agreement between the heat rate
predictions obtained with the conventional model and the BL model indicates that the
overall heat transfer from the containment atmosphere is properly computed using the BL
input deck. The agreement is considered good, especially in view of the fact that the
narrowing of the near-wall cell in the boundary layer affects all cell properties, and thus
all parameters included in heat transfer calculations.
The flow velocity vectors plotted in figures 6.17 a and b show the benefit of the BL
model. During the 300 to 1200 seconds time interval, the conventional model shows an
upward flow in the cell adjacent to the wall, while the boundary layer cell model clearly
shows downwards flow of air in the wall cells.
This conclusion is also reflected in the predictions plotted on figure 6.18. The predictions
of temperatures along the steel shell clearly show the advantage of the BL model over the
conventional model. During the time interval between 300 and 1500 secondswhich is
plotted, the conventional.model predicts that the containment volume atmosphere is well
mixed as seen by the shallow slopes of the three temperature curves. The BL model does
however predict the occurrence of thermal stratification as evidenced by the steep slopes
of the temperature curves. Furthermore, the BL model curves indicate that the
stratification does not only persist in the case of a top blowdown, but that the
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Figure 6.17 GOTHIC predicted velocity vectors for the cells adjacent to the cooling shell
in the thermal-stratification experiment
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Figure 6.18 Temperature profile along the steel shell predicted by GOTHIC for the
conventional and boundary layer models simulating the high-blowdown test
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accumulation of air at the bottom continues within the 300 to 1500 seconds period shown
in the figure. This can be seen from the fact that the temperature difference between the
bottom nodes decreases in time, as seen from the data along the bottom 50 inches of the
shell; the slope of the temperature curve changes from concave downward at 300 s to
concave upward at 1500 seconds23.
6.4 The Effect of Condensation Heat Transfer Correlations
The above section has focused on the proper estimation of the convection heat transfer
rate when the BL cell model is used. This is however not sufficient; for an accurate
estimate of the rate of cold air flowing down the containment wall, it is necessary to
properly evaluate the two coupled phenomena that affect the steam-air mixture, i.e., the
convective heat transfer and condensation rates. Figure 6.19 illustrates the coupling
between convective and condensation heat transfer. This coupling makes it necessary to
evaluate the appropriateness of the condensation correlation used in GOTHIC, and also
the effect of the BL cell model on estimating not only the proper convection rate but also
the proper condensation rate.
23 This cooling along the lower portion of the shell could actually be detected as the test was run since the
boundary between touchable and hot portions of the shell was moving upwards.
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Figure 6.19 Boundary layer heat transfer from a steam-air mixture to a cold steel shell
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The discussion above suggests that there is an additional source of conservatism in the
use of the boundary layer cell model. The boundary layer cell has a higher concentration
of noncondensables than does the cell adjacent to it. Figure 6.20 shows the physical
reason for this overestimation. The average concentration of noncondensables in the
boundary layer is significantly larger than the concentration in the bulk. Condensation
correlations are based on bulk noncondensable concentrations, which leads in the case of
using the BL cell model to an underestimation of the condensation rate at the wall and
thus an underestimation of the heat transfer rate from the containment atmosphere.
Figures 6.12 and 6.13, which compare experimental data with GOTHIC code predictions
for the BL cell model, show that the code generally overestimates the shell temperatures
(i.e., all temperatures were overpredicted with the exception of the mid-plane curve from
the top-blowdown test). This is consistent with the conservatism that results from
assuming a linear temperature profile and overestimating the noncondensable
concentrations in near-wall cells. However, the good overall agreement observed in the
results presented in section 6.3 indicates that the BL model is adequate.
The condensation correlations available in GOTHIC were evaluated to determine the
most suitable one. Significant work has been done to develop condensation correlations
for heat transfer in reactor containments. Green and Almenas [1995] have summarized
the factors that affect condensation heat transfer. These factors are listed in table 6.2,
and they implicitly describe the physical parameters that have to be included in a
condensation heat transfer correlation.
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Figure 6.20 Noncondensable concentrations along the cooled shell of a containment
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Table 6.2 Factors that Affect Condensation Heat Transfer
(adapted from Green and Almenas, 1995)
There has been significant research during the past 25 years to improve heat transfer
correlations available for containment analyses. The early works of Uchida [1966] and
Tagami [1965] have been used in lumped volume codes and gained wide acceptance
based on their relatively good agreement with experimental data, and on their
Factor Effect
Concentration of noncondensables increased noncondensable concentrations impede
condensation
Bulk velocity of mixture increased bulk velocity enhances condensation
Bulk mixture to wall temperature increased AT increases the condensation rate
difference (AT)
Pressure increased pressure increases the condensation rate
Noncondensable type higher noncondensable diffusivity enhances
condensation
Surface orientation downward facing surfaces increase condensation
Surface condition dropwise condensation is more effective
Liquid film turbulence increased film waviness increases condensation
Thermal equilibrium the presence of mist increases condensation
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conservative predictions. Significant additional work has been done to account for the
phenomena listed in table 6.2 in condensation heat transfer correlations.
Among recent work, Gido and Koestel's [1983] work merits mention, since it is one of
the most comprehensive correlations proposed and it is one of the correlations available
in GOTHIC. The data that was used to develop this correlation were taken from a large
scale apparatus. This is considered to be the principal reason for which the correlation is
in better agreement with the CVTR and the Battelle-Frankfurt large scale tests results24
than the Tagami/Uchida correlations, which were developed in small scale facilities.
GOTHIC computes the heat transfer to the wall as a sum of convective, condensation and
radiative heat transfer rates:
Qw=Qcond+Qconv+Qrad, (6-5)
where: Qw - heat transfer from the wall to the fluid,
0O, T < T
Qcond=XtHcond Acn Min w sat - latent heat released by
(T - sat), T T
w W sat
condensation at the conductor surface, (6-6)
Qconv - convective heat flux between superheated vapor and saturated film
(natural turbulent convection along a flat plate, usually), and
24 The Tagami/Uchida correlations underestimated the condensation heat transfer in the CVTR and the large
scale Battelle-Frankfurt tests by 3 to 5 times.
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Qrad - radiant heat flux from the walls to the vapor (assuming gray gas and
surrounding walls).
The condensation heat transfer coefficient, Hcond, is determined from several available
correlations. Table 6.3 lists the GOTHIC condensation correlations that can be selected.
The Uchida correlation is:
Uchida
Btu
2
hrft F
(6-7)
where p, and pg are the steam and gas densities.
The combined use of the Tagami and Uchida correlations is also possible in GOTHIC.
The Tagami correlation corrects for increased turbulence of the boundary layer during the
blowdown period.
0.62
t
Tagami
p
Btu
2
hr-ft -F
where: tp -- time of initial pressure peak
Q -- total energy release
V -- volume of blowdown cell
(6-8)= -
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Table 6.3 Condensation Heat Transfer Correlations Available in GOTHIC
Description Comment
Uchida - no vapor velocity effects
- mass transfer rate has to be computed from the
calculated condensation heat transfer rate
Gido and Koestel - accounts for local vapor velocity determined from
natural convection calculations based on room height
and/or from forced convection parameters
- includes the effects of boundary layer thinning
Max, i.e., largest of - selects the conservative estimate of condensation
Uchida and G-K heat transfer rate
Note that the Tagami equation is only used for lumped volumes25 during the blowdown
period, and then only if it predicts a heat transfer coefficient higher then that predicted by
Uchida. In that case the heat transfer coefficient for condensation is obtained from:
Hcond = h Uchida + (hTagami (tp) - hUchida) exp[-0. 5 (t-tp)] (6-9)
While the combination of the Tagami and the Uchida correlations is commonly accepted
and has been verified extensively against experimental data, the fact that it is only
applicable for lumped volumes renders it unsuitable for the evaluation of passive
25 The Tagami correlation was developed for a single-node containment model, and should not be used in
small subdivided volumes. As a precaution, the GOTHIC code does not allow the Tagami correlation to be
selected in subdivided volumes.
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containments that require subdivided volume analyses, in general, and of the proposed
containment in particular.
Finally, the Gido-Koestel correlation incorporates most of the necessary variables that
affect condensation. The correlation has different forms for forced convection and
natural convection. At each computational time step, the condensation rate for both
natural and forced convection are evaluated; the larger value is used to compute heat
transfer to the wall and condensation rate:
H cond = max(H ", H N) (6-10)
H NC
2
1 Uw
Sct u8
/7 1/7
P. hf. P . 45 1  (6-11)
sat
/2Uf u
uf ---C*h p -p
C fg vs vs
T NC / l1t (o-1 )
where: uf/uw - ratio of interface friction velocity to wave crest velocity (= 1/7.0),
Set - turbulent Schmidt number (ratio of momentum to mass diffusivity)
(=0.5),
uw/u 8 - ratio of wavecrest velocity to interface velocity (= 1.0),
C*= function (psat(Tw), psteam, ptowt) - correction factor for high condensation
rates which accounts for the thinning of the boundary layer,
Pvs i=Pvs(Psat(Tw), Tv) - interface steam density,
1 - height of the room,
uf/uV - ratio of interface friction velocity to gas bulk velocity (=0.05), and
uw/Uv - ratio of interface wave crest velocity to gas bulk velocity (=0.425).
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This was the correlation that was used for predictions obtained using GOTHIC for the
thermal-stratification experiment presented in section 6.3 and for the proposed
containment evaluation discussed in chapter 8.
6.5 Chapter 6 Summary
The issue of thermal-stratification is crucial in predicting the behavior of a passively
cooled containment. For the proposed containment, a thermally-stratified containment
atmosphere reduces the effectiveness of the internal -pool as a heat sink and that of the
external moat as a heat rejection feature. The ability of the GOTHIC code to model the
occurrence of thermal-stratification, and properly evaluate in-containment mixing is
therefore essential for this work.
A thermal-stratification experiment was used to collect data that describe the occurrence
and development of thermal-stratification in a simple steel shell volume. A GOTHIC
model was developed that is able to better handle the phenomena involved in thermal-
stratification. The most important of these phenomena is the downward flow of cold
depleted steam/air mixture along the steel shell. The large near-wall nodes of a
conventional GOTHIC input deck were replaced with narrow nodes that encompass the
boundary layer. The heat transfer coefficient was adjusted to correspond to the decreased
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average cell temperature of such a narrow node, in order to preserve the heat rejection
rate through the shell. The agreement obtained between experimental data and GOTHIC
code BL model predictions is good, especially since the narrowing of near wall-cells
alters all cell properties needed to compute heat transfer coefficients.
The change in properties also affects the condensation heat rate predicted by the code.
The computed condensation rate is actually expected to decrease, because the
concentration of noncondensables in the BL cell is higher than that of the bulk. The best
suited correlation available in GOTHIC for the computation of condensation heat transfer
is the Gido-Koestel correlation, which was used for thermal-stratification and
containment analysis runs.
The algorithm necessary to generate the input for the boundary layer cell model is shown
in figure 6.21. The sources of conservatism that results from the use of the boundary
layer cell model are listed in table 6.4. The boundary layer model discussed above shows
good agreement with experimental data, but its limitations have to be recognized. It is
important to note that as long as semi-empirical correlations based on bulk properties are
used for wall heat transfer, there are no other alternatives evident that permit the proper
modeling of thermal-stratification. While the boundary cell model provides an acceptable
solution for the preliminary design work of this thesis, the use of either correlations based
on boundary layer properties, or of finite difference solutions is recommended for best
estimate analyses in the future when codes having such capabilities have been developed.
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calculate the heat transfer coefficient multiplier
for each near-wall cell as a function of the ratio
between boundary layer thickness and cell
width (equation 6-4), and edit GOTHIC
function table to include the multipliers
[George, 1991]
complete the run using the Gido-Koestel
condensation heat transfer correlation
[George, 1991]
Figure 6.21 Algorithm
analyses using GOTHIC
for applying the boundary layer cell model to containment
Table 6.4 Impact of GOTHIC Boundary Layer Cell Model on
Overall Containment Behavior Prediction
calculate steam boundary layer thickness
assuming laminar flow (equation C-2),
and set all GOTHIC near-wall cell widths
to the maximum boundary layer thickness
[Eckert, 1950]; [George, 1991]
I
Modeling Technique Purpose Effect on Predictions Peak Pressure
Relative to the Prediction Relative to
Conventional Model that from the
Conventional Model
set all near-wall cell contain entire shell increased top-to-bottom OVER
widths to the downflow in the near- temperature gradient in because of decreased
maximum calculated wall cell while the containment due to storage in low sinks
boundary layer minimizing effect from more downflow along the and decreased heat
thickness the bulk upwards shell rejection to the moat
motion
use multiplier function compensate for lower increased heat transfer to ABOUT THE SAME
for the heat transfer near-wall cell-average the shell due to the higher
coefficient temperature (relative to convection heat transfer
that computed in the coefficient value
wide conventional
model near-wall cell
use Gido-Koestel account for decreased condensation OVER
condensation heat condensation in the rate because of altered because of the higher
transfer correlation near-wall cell near-wall cell average near-wall
properties noncondensable
concentration
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CHAPTER 7.
PROPOSED PRESSURIZED WATER CONTAINMENT DESIGN
The configuration of the proposed containment is discussed in this chapter. The proposed
containment was designed to meet all regulatory guidelines established by the Nuclear
Regulatory Commission (NRC). Its performance was evaluated for a period of 72 hours,
which is greater than the 24 hours period required by the NRC. This was done because
the EPRI requirements for advanced reactor design [1987], require passive systems to
meet their designated function for 3 days without operator interaction.
The starting point for the proposed design was the Waterford 3 containment. Figure 7.1
is a schematic of the Waterford 3 containment and its internal structures. The figure
shows the modification of the secondary concrete enclosure to allow the convection of air
along the steel shell. The use of a proven containment in drafting a design ensures the
constructability and feasibility of the design. The proposed containment is larger than the
Waterford 3 containment (but not other large dry containment designs), and it has
structures that accommodate the proposed passive cooling features. The internal
structures differ in two respects: 4 steam generators (instead of 2 in the Waterford 3
NSSS) were modeled, and internal structures were arranged to exhibit eighth-pie-section
symmetry. It is important to mention that despite the fact that active containment cooling
systems are not necessary for the operation of the proposed containment under emergency
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Figure 7.1 Schematic of the Waterford 3 containment with a modified external enclosure
that allows air convection along the steel shell
225
conditions, it is recommended that these systems be incorporated in the final plant design.
The active containment cooling systems -- the containment spray system and the fan
cooler system -- can restore containment atmosphere conditions to near-normal levels
faster if electric power remains available. Furthermore, the fan cooler system is also a
normal operation system when it is used to remove heat from the containment
atmosphere. In the present work, however, no heat was removed via the normal modes
during the accident scenarios simulated.
The passive containment cooling features incorporated into the proposed containment are
an air-convection annulus on the upper portion of the steel shell, an external moat on the
lower portion of the shell and an internal water pool. The proposed design details are
presented in this chapter. The description emphasizes details necessary in performance
evaluation, specifically those areas that were used in preparing the input decks for
GOTHIC.
7.1 Operational Requirements
The proposed containment has to preserve its integrity under any design bases accident
conditions. The design bases accidents of the Waterford 3 reactor were used; analyses
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were done for both design basis LOCA and MSLBA. In each case, the performance of
the containment is evaluated relative to design requirements for large dry containments.
The requirements for the performance of the proposed containment are equivalent to
those required by the NRC for the AP600. The AP600 SSAR [1992] indicates that the
following conditions must be met during all postulated design basis accidents:
* the containment pressure cannot exceed design values,
* the pressure has to descend to half its peak value within 24 hours,
* the pressure difference across two sides of any wall cannot exceed the
subcompartment design capability, and
* the temperature at any location cannot exceed the equipment qualification
temperatures in that area.
Large dry PWR containments have design pressures between 38 and 65 psia (0.262 and
0.490 MPa). The limit on design pressure for the proposed containment was set at 60
psia (0.414 MPa), like that of the AP600 containment. The choice of this limit is
reasonable for two reasons: the configuration of the AP600 is similar to that of the
proposed containment, and steel shells of this type have been proven to resist such
pressure excursions. It is commonly accepted that a steel shell primary enclosure can
withstand pressures two to three times larger than the design pressure of the proposed
containment for limited periods of time.
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The requirement that pressure be reduced to half its peak value within 24 hours reflects
concerns about maintaining elevated containment atmosphere conditions for prolonged
periods of time. While the actual failure pressure of the steel shell may be significantly
higher than the design pressure, the shell may develop leaks if it is strained for long
periods of time. To ensure the containment boundary leak-tightness during accidents,
regulatory bodies have established pressure restoration limits, such as the 24 hour limit
imposed by the NRC.
The pressure difference between adjacent compartments sets another design limit. The
pressure that can be withstood by the compartment wall is a function of wall thickness.
The internal walls of the proposed containment are at least 1 m thick, which makes them
thicker in some locations than compartment walls in the Waterford 3 containment. The
design pressure difference limit on these walls is maintained to 1 % of the design pressure
value that is used in current containment design. The increase in compartment wall
thickness is consistent with the design philosophy for the EPR where sturdiness is sought,
and concerns about missiles from auxiliary equipment have been raised. [Baumgartl,
1992]
Finally, the temperature limit in various regions of the containment was set to ensure that
emergency equipment will remain operational following a design bases accident. The
temperature limits were set, more or less, implicitly because emergency equipment is
qualified at temperatures that correspond to design pressures. Furthermore, essential
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equipment has been demonstrated to meet emergency function requirements at
temperatures that correspond to the ultimate pressure for limited periods of time. The
temperature limit in all regions of the proposed containment was set at 2800F, which
corresponds to the 60 psia design pressure.
The design requirements listed above are sufficient for licensing in the US today. The
analysis of the proposed containment has, however, extended beyond these requirements.
The containment behavior under design basis accident conditions was evaluated for 72
hours (rather then the 24 hours required by the NRC). This long-term behavior
evaluation was triggered by the fact that EPRI has recommended that all passive systems
meet their designated function without any operator intervention for 3 days following an
accident.
Furthermore, the performance of the proposed containment was evaluated during a
beyond design basis accident that involves release of hydrogen into the containment.
This evaluation was done in response to the industry's increased concern with beyond
design bases accidents, especially those that involve core degradation. Hydrogen
concentrations have to be maintained below combustible limits at all times. Adequate
atmospheric mixing and/or the use of recombiners are hydrogen mitigation solutions for
the proposed design.
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7.2 Heat Rejection Mechanisms
Figure 7.2 shows the heat rejection mechanisms in the proposed containment. For
completeness, the effect of active systems is also shown. The active systems are the
containment spray system (CSS) and the reactor fan cooler system (RFCS). Credit must
also be taken for the makeup water, which limits the pressure excursion by storing heat in
the early stages of the transient. What is not shown on the figure is the heat rejection
through the RHR system, which transports heat outside the containment during the
recirculation stage.
The CSS is the most effective heat removal system in currently operating reactors. Cold
water is sprayed in the upper region of the containment. The water condenses steam from
the containment atmosphere and thus limits the pressure rise. The containment spray
water also has additives that assist in scrubbing radioactive species. Since this
atmosphere scrubbing is desirable under all circumstances that involve release of
radioactive products in the containment, this system should be preserved in passively
cooled containments. Table 7.1 lists the parameters of the Waterford 3 CSS.
The RFCS is not only an emergency system, but it is also a normal operation system that
controls the containment temperature. The fan coolers circulate the air; heat is transferred
through heat exchangers to the component cooling water system. In reactors with
230
Table 7.1 Description of The Waterford 3 Containment Spray System
(from Waterford 3 FSAR, 1991)
Parameter Description
Number of redundant trains 2
Flowrate per train 2540 gpm
Refueling water temperature 50 OF
containments cooled by active systems, the RFCS is sized for its emergency function.
The Waterford 3 containment fan cooler system is described in table 7.2.
Table 7.2 Description of The Waterford 3 Reactor Fan Cooler System
(from Waterford 3 FSAR, 1991)
Parameter Description
Number of redundant units 4
Flowrate per unit through fan cooler 80,000 ft
Component cooling water flow rate 670 gpm
Component cooling water temperature 60 OF
It is important to note that only one CSS train and 3 fan coolers are assumed to operate
during an accident. Each system is thus sized assuming a single failure. As mentioned
earlier, there are good reasons for keeping these systems even in containments that are
passively cooled. The most important reason is however that these active systems are
more efficient than the passive systems in the early stages of an accident. They can
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therefore limit the pressure excursion and restore near ambient conditions significantly
faster. This would be the preferable alternative in an accident during which electric
power is available.
The effect of passive systems is also shown on figure 7.2 . The passive systems are the
air convection annulus, the external moat, and the internal pool. Air convects along the
upper portion of the shell through the annulus formed between the shell and the external
concrete shielding. The annulus outlet is equipped with a 60 m tall chimney which
contributes a forced convection component to the flow. Radiative heat exchange also
takes place between the steel shell and the concrete secondary enclosure; radiative heat
exchange is a significant factor in heat rejection during peak pressure periods of the
transient, when the steel shell reaches high temperatures.
The external moat was chosen (as opposed to the annular pool configuration presented in
chapter 4) as an external pool. The advantage of a large external moat is that it provides
an unlimited low temperature heat sink at the containment boundary. The pool operates
in a free convection regime throughout the transient. An internal pool was also
incorporated into the design. The internal pool has a dual role; it provides a large in-
containment heat sink, and its surface and the surfaces of the tank that contains it, provide
for increased steam condensation. The internal pool can be designed to become an
additional source for makeup water.
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Figure 7.2 Heat transfer mechanisms in the proposed containment
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7.3 Proposed Configuration
The GOTHIC runs shown in chapter 4 demonstrated it is not possible to maintain
containment conditions within acceptable limits in a passively cooled containment of the
size of the Waterford 3 containment. The peak pressure predicted by the GOTHIC code
for a containment of the size of Waterford 3 equipped with passive containment cooling
features was 67 psia. The containment size was therefore increased; the aspect ratio was
preserved. The increase in size still keeps the proposed containment within the bounds of
the EPR containment size [Erbacher and Neitzel, 1994], which means that
constructability does not have to be independently verified.
Several design assumptions were made to facilitate the modeling of the proposed
containment. The four steam generators are located symmetrically at 900 angles. The fan
cooler rooms are located above the equipment rooms. The purpose of having these rooms
on top of each other is to have portions of the shell where convection is unobstructed
along the entire length. All internal structures were assumed to exhibit an eighth-pie
section symmetry.
Figure 7.3 shows a schematic of the enlarged containment equipped with passive heat
removal features. This is the configuration proposed in this thesis for a passively cooled
containment for a large rating PWR. The containment radius was increased from 21 to 26
m. The hemispherical bottom was replaced with a 10 m deep cylindrical portion, which
obstruction
U steel
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Schematic of the proposed passively cooled containment for a large rating
pressurized water reactor
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brings the overall height of the cylindrical section to 62 m. As in the Waterford 3
containment, the dome is hemispherical.
The external moat submerges the lower 30 m of the steel shell and extends in an annulus
that is 50 m wide.26 The total volume of water contained in the external moat is larger
than 480,000 m3. A 25 cm thick annulus is formed between the steel shell and the
concrete secondary enclosure. The secondary enclosure is 2.5 m thick, which is nearly
twice that of the Waterford 3 containment. The thickness was increased to the value
recommended for the EPR containment, to provide increased protection from external
events.
While the overall size of the containment was increased, the size of internal rooms was
kept the same as in the Waterford 3 containment. The reason for this is to have more
open space in the lower and upper containment regions, which leads to better mixing of
the containment atmosphere. Table 7.3 gives the dimensions of the containment
compartments and describes their location. The total unoccupied volume of the
containment is 151,742 m3, which is almost double the free volume of the Waterford 3
containment but nearly equal to the value proposed for the EPR.
Only major heat sinks were calculated and modeled. This makes the calculation
conservative, since no credit is taken for energy storage in minor sinks. The heat sinks
26 The moat size was chosen very large to ensure that its temperature remains constant throughout the
transient. The moat size can be adjusted in the future.
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Table 7.3 Compartments of the Proposed Containment
Description Free Area* Floor Room
Volume (m2) elevation** Height
(m3) (m) (m)
reactor cavity and sump 2,309 462 0 10
lower containment 48,537 1390 10 31
equipment room 462 22 10 22
fan coolers room 73.5 10.5 32 9
upper containment 102,646 2,124*** 41 58
* This represents the unobstructed area; obstructions are considered for code input.
** The lower and upper containments do not have floors; the values listed in this column
represent the elevations of the planes that separate them from the reactor cavity and sump
region and the lower containment, respectively.
*** The cross-sectional area varies in the dome region.
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and their locations are listed in table 7.4. The total amount of steel is comparable to that
of Waterford 3. The change in size and the increased compartment wall thickness
changed the amount of concrete in the containment. It is important to note that the
organic paint used to coat the inside and outside of the steel shell was modeled 27. This 20
mil thick paint has a low thermal conductunce, which makes it an important factor in
determining heat rejection rates.
Table 7.4 Heat Sinks of the Proposed Containment
Location Heat Sink Surface area Thickness Volume
(mI) (cm) (m3)
reactor cavity and sump pool water 1662 N/A 8310
steel tank for the pool 723 2.0 14.5
reactor cavity concrete 173 N/A 475
lower containment concrete structures 1166 varies 4623
steel N/A N/A 515*
equipment room concrete walls 2032 100 2032
steel N/A N/A 228*
fan coolers room concrete walls 539 100 539
* The value was obtained from the NAI PWR test problem input deck.
27 The thermal resistance of 4 mils of the organic coating is equivalent to that of 2 inches of steel.
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The last set of variables that define the proposed containment is that which determines the
flow between compartments. Table 7.5 lists the flowpaths and pertinent related variables.
There are only 3 flowpaths that had to be considered: the inlet and outlet ducts to the fan
cooler units, and the doorway between the equipment room and the lower containment.
The cross-sectional areas of these flowpaths were obtained from the NAI PWR test input
deck, and there are no reasons to doubt them. The K-factors are however more
problematic; their values were also obtained from the NAI input deck, but there are no
means of independent verification. Wolf [1994] mentions that the development of a
thermal gradient across a doorway changes the effective K of that flow path; this
phenomenon was observed experimentally and in GASFLOW computations. However,
since the GOTHIC model developed for the proposed containment only has 3 flowpaths28
to be modeled, the uncertainty due to flowpath K-losses is expected to be minimal.
Table 7.5 Flowpaths of the Proposed Containment
Description Volume 1 Volume 2 Flow K-loss
area factor
(m2)
Fan cooler duct inlet lower fan cooler room 1.9 1
containment
Air return duct fan cooler room upper 1.9 1
containment
Doorway equipment room lower 3.6 2.5
containment
Values in this table were obtained from the NAI PWR test problem input deck.
28 Compared to networks of lumped parameters, where the number of flowpaths reaches numbers in the tens
and even hundreds.
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The performance of the proposed containment during accidents that involve hydrogen
release was also tested. There is sufficient mixing to maintain hydrogen concentrations
below dry air 29 combustible limits30 at all times during the transient. However, hydrogen
recombiners are recommended to prevent the formation of combustible pockets under any
release conditions. The characteristics of the metallic palladium and platinum
recombiners investigated for German plants were input into the model for the proposed
containment. [Rohde et al., 1994] These recombiners were tested in both small scale (10
to 12 m3) tests and in large facilities, like the Battelle-Frankfurt and the HDR facilities.
They have been found to continue to meet their recombination function in environments
that contain catalytic poisons (such as 12, CO, and steam that contains boric acid) and in
extreme environments (i.e., with more than 95 % steam, or with less than 1 % hydrogen
concentrations). The dimension of the recombiner is important to estimate the
obstruction and the flow rate through the recombiner. The recombiner plates are fixed in
boxes that are 10 m x 10 m x 1.4 m. Forty-eight such boxes were modeled in the
containment; each eighth-pie section of the containment has four recombiners in the
dome region, one in the fan cooler room and one in the equipment room.
29 Combustible hydrogen concentrations are a function of steam concentration. The steam acts as an
inerting gas, and thus increases the threshold combustible concentration.
30 Hydrogen deflagration can occur in dry air if a concentration of about 6 percent by volume is exceeded.
Detonation occurs at concentrations that exceed 15 %. [Gavrilas et al., 1994]
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7.4 Chapter 7 Summary
The design of the proposed containment started with the verified design of the Waterford
3 containment. This chapter discussed the design limits that have to be imposed on
containment performance, and covered specific limits applicable to the proposed
containment. Most important among these limits are the design pressure and temperature
limits required by the NRC. The proposed containment was subjected to a longer term --
3 days -- evaluation in accordance with EPRI's requirements for passive systems of
advanced power reactors.
Heat removal is achieved by incorporating passive heat removal features into the design;
these features are an air-convection annulus, external moat and a large internal pool. The
passive features enhance all modes of heat transfer from the containment. They can
either replace or augment the heat rejection achieved by active means in currently
operating reactors. The active containment cooling systems (containment spray system,
and reactor fan cooler system) of the Waterford 3 reactor were described for reference.
The inclusion of active systems in a containment that can be cooled by entirely passive
means is recommended because the containment conditions can be restored to near-
normal levels faster if electric power is available. The passive systems can, however,
decrease costs by lowering the redundancy and diversity of active containment cooling
systems, and by changing the equipment qualification criteria for these active systems.
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The proposed containment has a greater than 150,000 m3 free volume; this is twice that of
the Waterford 3 containment, but it is comparable to those of the EPR and System 80+
containments. Thus, its constructability is assumed. The compartment volumes, in-
containment heat sinks and flowpaths were described to complete the definition of the
proposed containment. There are approximately 760 m3 of steel (not including the 360
m3 of the steel shell) and 7,670 m3 of concrete in the proposed containment; these values
are consistent with the heat sinks of the Waterford 3 containment. The internal pool
added 8,300 m3 of water to the in-containment heat sinks. Assumptions made for
modeling purposes regarding internal structures were also discussed in this chapter.
Finally, the proposed containment design includes hydrogen recombiners; the
recombiners and their position in the containment were discussed. The modeling of the
proposed containment and its performance during large break loss-of-coolant, main steam
line break and hydrogen release accidents is presented in the next chapter.
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CHAPTER 8.
ANALYSIS OF THE PROPOSED PRESSURIZED WATER CONTAINMENT DESIGN
This chapter presents the GOTHIC models used to evaluate the performance of the
proposed containment during design bases loss of coolant and main steam line break
accidents. The verification done to ensure accurate code predictions is also discussed.
This verification covers two aspects: the code logic and the input deck, each of which
have to be adequate. The adequacy of the input deck is a function of not only input
parameters but also the ability of the code to simulate physical phenomena that occur in
the containment. It is important to note that the procedures involved in using distributed
parameter models for containment analyses had to be developed in the course of this
work. This is because little experience exists with the use of distributed parameter codes
for global containment analyses.'
The results obtained for the design bases large break LOCA and MSLBA are presented;
the proposed containment is able to remain within design limits in both cases.
Furthermore, the effect of hydrogen release during a large break LOCA was examined.
The proposed containment has sufficient mixing to prevent localized high hydrogen
concentration regions, but even in a containment as large as the one proposed in this work
(150,000 m3) hydrogen reaches containment-averaged concentrations above 10 % when a
conservative hydrogen release curve is used.. The effectiveness of catalytic recombiners
1 Some distributed-parameter work was done by other institutions, but few results or modeling techniques
have been published.
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in reducing the hydrogen concentration in the containment to below combustible limits is
also shown.
The data obtained from the verification and analysis runs demonstrate the ability of well
designed distributed-parameter GOTHIC models to properly simulate physical
phenomena. Code predictions that support this contention are also summarized in this
chapter. GOTHIC performance predictions for each of the heat rejection features
incorporated into the design are given. The cumulative effect of these features shows that
passive heat rejection can be achieved from the containment of a large rating (1300
MWth) PWR.
8.1 The GOTHIC Model for the Proposed Containment
The GOTHIC model used in chapter 4 to predict the effectiveness of pressure-limiting
features for the proposed containment consisted of several subvolumes that were
networked through flow connectors. Specifically, the lower containment, the upper
containment, the reactor cavity and sump, the fan coolers rooms, and the equipment
rooms were modeled as individual volumes. The networking of these individual volumes
through flow connectors introduces an error in the computation of momenta between
adjacent volumes. This error is due to an inability of the code to transfer transverse
momenta through flow paths. This error is relatively small if each of the volumes are
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modeled as lumped. However, as the individual volumes increases and the number of
connecting flow paths increases, the error introduced also increases. Since the modeling
of the proposed containment requires us to finely subdivide certain areas, a network of
individual volumes was deemed inadequate. Therefore, the final analyses were done
using an eighth-pie-section model of the proposed containment in which all the
compartments (i.e., the lower and upper containment volumes, the equipment rooms, the
fan coolers rooms, and the reactor cavity and sump) are included in one subdivided
volume. The prefilled water annulus and the chimney are modeled as separate volumes;
this reduces the total number of nodes of the model. Figure 8.1 shows the volume
diagram used for the final GOTHIC code predictions.
Figure 8.2 shows a schematic vertical cross-section of the proposed containment. Figure
8.3 shows a horizontal cross-section 2 of the eighth-pie section modeled in GOTHIC; the
corresponding diagram of cartesian coordinate GOTHIC subvolumes is also shown. A
series of modeling studies went into the preparation of this model. The conclusions from
these studies relate to both input parameters and to phenomena modeled. These
conclusions are discussed next.
Two factors are important in obtaining reliable results from a computer code: the code
logic and the adequacy of the input deck. The overall adequacy of the GOTHIC code has
been demonstrated through an extensive verification program performed by NAI
2 The cross-sectional views are different at the various levels indicated on figure 8.1 because flow areas and
heat sinks are different at each level. A complete description of the input deck is included in appendix A.
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Figure 8.1 Diagram of containment volumes used for the GOTHIC input deck
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Figure 8.2 Vertical cross-section of the proposed containment; schematic for GOTHIC
modeling
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Figure 8.3 Horizontal view of an eighth-pie section of the proposed containment;
schematic for GOTHIC modeling
249
[GOTHIC, 1993]. Other institutions have also tested GOTHIC's predictive ability
against experimental data. [Wolf, 1993] The task for the current work was to verify
specific aspects of the code logic, but more importantly to ensure that the input deck for
the proposed design is adequate.
8.1.1 Input Parameter Adequacy
The code input parameters that are most important in obtaining accurate results are the
lumped/distributed volumes, the heat sinks and the flow paths; for the proposed model,
the hydrogen recombiners are also important. Table 8.1 summarizes the input parameter
conclusions applicable to the global modeling of containment behavior.
Early runs were done using networks of lumped volumes. These runs permitted the
verification of specific code results with back of the envelope calculations. The fact that
GOTHIC can be used to model networks of lumped parameters has also permitted
validation of the code against results obtained from other codes that have been approved
by the NRC for containment analysis. The early runs done using few lumped networked
volumes showed good agreement with coarsely meshed distributed-volume models.
However, since predictions from coarsely meshed models were later shown to be non-
conservative, networks of lumped models are only to be used for preliminary results.
The inability of networked lumped volumes to properly model transfer of transverse
momenta, make them inadequate for detailed passive containment modeling. Networks
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Table 8.1 Modeling Conclusions for
Distributed Parameter Containment Analyses Using GOTHIC
Parameter Modeling Conclusions Recommendations for Code Logic
Modifications
lumped parameter * cannot be used for detailed analyses
volumes * can be used for preliminary
predictions
* can be used in combination with
distributed models for
compartments that interact
minimally with the bulk of the
containment
distributed parameter * have to be adequately subdivided to * should be made available for
volumes allow plausible flow patterns to cylindrical and spherical
develop coordinates also
* have to be sufficiently subdivided
to reflect composition and
temperature gradients in the
containment atmosphere
* have to include significant
obstructions and heat sinks
* have to be sized according to the
scale of the phenomena studied and
the set of equations that go into
calculations
heat sinks * must be modeled conservatively,
i.e., low mass and surface area
estimates
* should be located at lowest
plausible elevation
flow paths * cannot transfer transverse momenta * time dependent K-loss functions
between lumped volumes should be made available
* two flowpaths have to be used for
any lumped volume
* K-losses should be independently
verified
hydrogen * should be modeled conservatively, * concentration dependent
recombiners i.e., minimal flow rate and minimal efficiency functions should be
efficiency made available
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of many lumped volumes are, however, adequate for the analyses of actively cooled
containments, where containment atmosphere mixing is not dominated by natural
phenomena. Individual lumped volumes can also be incorporated into a distributed
parameter model, to account for the effect of small compartments and specific features.
Such models can, for example, be used later for a more detailed model of the proposed
containment to account for the spent fuel pool and other minor compartments under the
operating deck.
The distributed parameter model allows for great input flexibility. The dimensions and
interfaces of each cell can be specified individually. Preparation of the model has to thus
focus on obtaining realistic flow patterns, containment temperature distributions, and cell
compositions. A finely subdivided model is most accurate, but limited computational
power requires an optimization process for the selection of the nodalization scheme.
Furthermore, the size of a cell cannot be determined only by the phenomena studied but
also by the code logic. For example, the detail that can be obtained for the temperature
distribution in a compartment is restricted by the cell size for which the Reynolds mixing-
length diffusion model is applicable3. Another example arose when good modeling of the
flow along the wall was required; in that case, the fact that all heat transfer correlations
are based on bulk properties requires that the cell be sufficiently large to have bulk
property values4 . There is an additional point that needs to be made; currently, the
GOTHIC code only has cartesian coordinate capabilities. The flexibility in cell definition
3 Version 4.2 and higher of the code will have the k-E model which will allow finer nodalization.
4 This limitation was eliminated by using the boundary layer model proposed in this thesis.
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does not make this problem significant, but cylindrical and spherical coordinates would
facilitate input for typical containment problems.
In an input deck prepared with all the considerations listed above, the model has to be
tested for mesh-size convergence, i.e., similar predictions have to obtained for models
that are identical in all respects except nodalization. It is important to note that the sizes
of meshes for which convergence is sought has to be in the same range, because drastic
changes affect the phenomena that are simulated by the model, as will be seen in the next
section. Figure 8.4 illustrates the effect of increasing the number of nodes on predicted
results. (A Waterford 3 containment size was input5, which is smaller than the proposed
containment; this, and the lack of active cooling, are the reasons why peak pressures in
both transients are higher than design limits.) The peak pressure prediction increased
from 67 psia (0.46 MPa) in the model that has 248 nodes to 72 psia (0.50 MPa) in the
model that has 378 nodes. The peak pressure change is less than 10 % of peak pressure,
which indicates that there is a weak dependence on changes in cell size when the
containment is modeled with nearly 400 nodes.6 It is important to note that, in all
GOTHIC runs, the peak pressure prediction increases with finer noding, and thus
insufficient meshing yields non-conservative results.
5 The evaluation of the effect of input parameters on GOTHIC code predictions was done using input decks
that required the fewest modifications for the desired comparison.
6 A further increase in the number of nodes could not be tested because the 378 node model is near array
dimensioning limits for the GOTHIC code available during this project.
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The heat sink input is rather straightforward for subdivided models. In a design analysis
such as this, conservative results are obtained if only the main sinks are modeled;
effectively a smaller surface is assumed for condensation on internal structures, and less
energy can be stored. Another source of conservatism is the location of sinks at the
lowest plausible level. Because the containment atmosphere has an axial temperature
gradient, i.e., temperatures are higher in the dome region than in the lower containment so
that storage into and condensation on low-lying sinks are underestimated. This is
particularly important in the early stages of the transient, before heat removal through the
shell becomes predominant.
The input parameters related to hydrogen recombiners have proven problematic. The
version of the code available during this project only allows the modeling of a recombiner
connected to a fan. The flowrate through the recombiner is thus an input variable.
Furthermore, the recombiner efficiency has to be specified. The fact that both these
variables are fixed is not consistent with the actual behavior of a catalytic device.
The actual flow rate through the recombiner is a function of flow fields in the area in
which it is located. Canadian [Koroll et al., 1994] and German [Rohde et al., 1994]
publications have reported that exothermic recombination of hydrogen and oxygen
increases the buoyancy driven flow in the area of the recombiner. However, the tests that
showed a driving effect due to buoyancy have been performed at near ambient conditions,
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Figure 8.6 Region for the operation of catalytic recombiners (from Heck, 1991)
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whereas the recombiner is expected to function at elevated temperatures and in high
steam concentration areas during an accident. For this reason, credit was not taken for the
recombiner-induced driving force, and the flow that passed through the recombiner was
assumed to be the flow rate through the area of the recombiner. This input flowrate was
obtained from another GOTHIC run that did not have recombiners.
The second problem in modeling recombiners pertains to their efficiency. Catalytic
recombiners have been shown to be effective over a wide range of conditions. Figure 8.6
shows the regime for deflagration, and hence the conditions which the recombiners have
to prevent. [Heck, 1991] The Siemens recombiners were tested in normal and extreme
conditions, e.g., more than 95 % steam and less than 1 % hydrogen; the studies concluded
that recombiners continue to function in such environments. The problem is that the
efficiency7 of the recombiners is a strong function of humidity and temperature at low
hydrogen concentrations. [Rohde, 1994] For hydrogen concentrations of less than 1 %,
efficiency increases to nearly 100 % at high temperatures, but decreases to nearly 20 % in
a high humidity (near saturation) environment. This makes it difficult to set a fixed
efficiency value for all recombiners throughout the transient. A 50 % efficiency was
input to ensure the conservatism of results. Subroutines for GOTHIC that have improved
recombination models were developed at Battelle [Wolf et al., 1993] and Westinghouse.
These permit the input of efficiency functions that depend on the environment. The
7 The efficiency of the recombiners is the ratio of recombined hydrogen to total hydrogen that passes
through the recombiner.
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performance of the proposed containment during an accident that involves release of
hydrogen is discussed in section 8.4.
8.1.2 Phenomena Simulation Adeauacy
Several phenomena are important in the operation of passively cooled containments.
These phenomena affect temperature distribution in the containment, and consequently
the performance of the containment. The ability of a computer model to adequately
predict containment atmosphere distribution is paramount, especially when pressure-
limiting features are located in the bottom region. For the proposed GOTHIC model, the
phenomena listed in table 8.2 were examined individually. These phenomena are steam
release location, asymmetrical break release location, and boundary layer flow.
Table 8.2 Phenomenological Conclusions for
Distributed Parameter Containment Analyses Using GOTHIC
Phenomenon Conclusions Recommendations for Code Logic
Modifications
Steam release * highest plausible release location
should be input
* lowest momentum release
configuration should be input
Asymmetry * pie section models can be used
where no significant asymmetries
exist
Boundary layer flow * near-wall cells should be narrow * boundary layer finite difference
enough to model the boundary models should be developed for
layer flow condensation heat transfer
* boundary layer finite difference
models should be developed for
convective heat transfer and flow
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As was discussed in chapter 6, the steam release location and the form of the release are
important factors in the development of thermal stratification. Therefore, input decks for
GOTHIC runs were prepared with break location at the highest possible elevation. For
the primary LOCA the highest release location is at the highest point of the primary
system, i.e., at the top of the reactor vessel. This assumes that the reactor vessel head is
breached, which is one of the least plausible scenarios, but which is conservative since
the highest possible release location is modeled. Furthermore, the largest possible break
size was modeled to minimize the jet-mixing effect. A low-momentum jet contributes
less to containment mixing, and thus has a limited effect on breaking the thermal
stratification. Similarly, the MSLBA model has a break location that corresponds to the
top point of the secondary coolant system. The largest postulated main steam line break
size was also used. Details of elevation and size of break modeled for the LOCA and
MSLBA scenarios are given in sections 8.2 and 8.3, respectively.
It is important to note that the long term release for both accident scenarios was assumed
to occur through the break locations also. This is a conservative assumption in the case
of a LOCA , during which the long term steam release can occur at a lower elevation.
This happens if the reactor vessel becomes submerged, and the pool that submerges the
vessel reaches the "pot-boiling" regime. The long-term release then occurs, at least
partially, over the surface of the submerging pool. Conservative models were used in the
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current work, and further parametric studies regarding break elevation and form of steam
release are recommended for future analyses.
There is another consideration regarding the steam release location in a model that
employs symmetry. The configuration of the proposed containment was designed to have
an eighth-pie-section symmetry. The LOCA location is nearly centered 8 inside the
containment, and thus an eighth-pie section model is adequate. However, the steam
generators and the secondary system piping are off-center. This introduces an asymmetry
in the GOTHIC model when a break occurs in the steam generator compartment.. The
eighth-pie section, with the off-center break located along one of the symmetry axes (i.e.,
an azimuthal boundary of the section) effectively models four breaks9 in the full size
containment, as was shown in figure 3.2.
A half-symmetry model can be used in which the break is located along the symmetry
axis to accurately model a single off-center break location. The limitations of the
GOTHIC code impose a coarser noding if a half-symmetry section is modeled. The
detailed predictions that can be obtained from an eighth-pie section model are therefore
lost. To evaluate the effect of the asymmetry introduced by an off-centered break, a half
containment model was input into GOTHIC. Figure 8.7 shows a cross-section of the
half-symmetry GOTHIC model. Note that the half-symmetry model has 48 horizontal
8 A shortening of the primary system piping has been proposed for recent designs (e.g., the AP600) to
reduce the length and number of welds necessary. This should also diminish the likelihood of a break
occurring in the primary system.
9 Using mirror images to obtain the entire cross-section of the containment results in a quarter-size break in
each steam generator compartment, since an eighth break flowrate is input into each eighth-pie section.
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Figure 8.7 Schematic of half-symmetry GOTHIC model
261
cells and 9 elevations, which makes it nearly twice as coarse as the eighth-pie section
model.
Figure 8.8 shows the pressure histories predicted by GOTHIC for the eighth-pie-section
and half-section models. The half-section model predicts a lower peak pressure than the
eighth-pie section model. The maximum pressure difference between the two predictions
is 20 kPa in the blowdown peak region. Since a larger pressure prediction by a coarser
model has been demonstrated to occur in model nodalization studies, it is impossible to
isolate the effect of asymmetry from that of coarse nodalization from the pressure curves.
However, since the pressures predicted from the two models are relatively close, these
results support the conclusion that mesh size convergence has been attained in the
GOTHIC models used for the proposed containment.
To evaluate the effect of asymmetry, the storage in heat sinks was examined. Specifically
the storage rates in the upper portion of the steam generator compartments were plotted;
see figure 8.9. The steam generator compartment concrete was selected to illustrate these
results because it is the closest heat sink to the break location, and is therefore most
evidently affected. The storage in two identical heat sinks is shown; one very close to the
break and one far away from the break. As expected, the energy storage rate is higher in
the early stages of the transient in the break compartment concrete than in the
diametrically-opposed intact steam generator's compartment concrete; also heat storage
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Figure 8.8 Pressure histories obtained using the half- and eighth-pie section models
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begins earlier in the break compartment. This is because in the early stages of the
transient the local containment atmosphere temperature is significantly higher in the
proximity of the break than in the rest of the containment. Later in the transient, the near-
break temperature is closer to temperatures in other cells at the same elevation. Also, the
sinks are most effective in early stages of the transient, when the temperature difference
between them and the containment air is largest. As the sink temperature increases, the
storage rate decreases, and thus the difference in storage rate between a near-break sink
and one far from the break becomes less evident.
The predicted storage rates differ by less than 0.4 W/kg, and are only perceptible during
the first 800 seconds of the transient. The integral energy storage in these sinks illustrates
the limited impact of break proximity. As can be seen in figure 8.10, after 1000 seconds
the energy stored in the break compartment is the same as that stored in the far
compartment. The conclusion of these results is that in a long term transient, i.e., one
during which containment temperatures become relatively uniform, break asymmetry is
not an important factor in the response of the containment. This indicates that the eighth-
pie-section model of the proposed containment is adequate even for breaks that are off-
center l'. The eighth-pie section model was used for the final set of results because it has
a greater level of detail, and it gives more conservative predictions.
10 This conclusion is limited to modeling of containments that have symmetrical (in this case, a 450
symmetry section) structures.
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Figure 8.9 Energy storage rate in the concrete walls of the break steam generator
compartment and in the opposite steam generator compartment
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Figure 8.10 Energy storage in the concrete walls of the break steam generator
compartment and in the opposite steam generator compartment
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The final phenomenological study of this thesis is related to the boundary layer model.
The motivation for using a boundary layer model, and the verification of the boundary
layer model was discussed in chapter 6. The boundary layer model is essential in the
adequate modeling of the vertical temperature profile in the containment, and thus is
essential to evaluating the effectiveness of low-lying pressure-limiting features. The
boundary layer model involves the use of a thin near-wall cell that allows the steam-air
mixture to flow downwards along the containment shell.
To illustrate the importance of using the boundary layer cell model in predictions of the
proposed containment behavior, runs were done using the boundary cell model and the
conventional model. The conventional model is identical to the boundary layer cell
model, but the thin, near-wall boundary layer cell is eliminated. Figures 8.11 and 8.12
show the pressure histories predicted by GOTHIC for both the boundary layer and
conventional models for the LOCA and MSLBA transients, respectively. Both figures
show the same prediction trends. The conventional model predicts lower pressures than
the boundary layer model by about 20 kPa. The reason for this is two-fold; first, the cold
air flowing along the shell effectively acts as an insulating curtain. That is however
partially compensated for by the doubling of the heat transfer coefficient that is part of the
boundary layer model. (See chapter 6 for details regarding the boundary layer model.)
The second reason for higher pressures predicted by the boundary layer model is the
decreased efficiency of low-level pressure-limiting features. Figure 8.13 illustrates this
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Figure 8.11 Pressure histories for LOCA using conventional and boundary layer models
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MSLBA Pressure Histories
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Figure 8.12 Pressure histories for MSLBA using conventional and boundary layer
models
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Figure 8.13 Upper containment and reactor cavity and sump temperature histories during
the MSLB accident for the conventional and boundary layer models
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effect for the MSLBA accident scenario. The temperatures predicted by the conventional
model and the boundary layer model are plotted for the dome region and the sink region.
The boundary layer model shows higher temperatures in both these regions. This result
is consistent with the pressure history, and shows the boundary layer model predicts that
less heat is rejected from the containment during the transient.
The temperature histories also provide insight into the vertical temperature gradient in the
containment. The upper containment temperatures curves show that the boundary layer
model predicts a higher temperature than the conventional model throughout the
transient; this temperature difference is largest during the peak pressure period when it is
nearly 100 C. The reactor cavity and sump curves show a higher temperature prediction
by the boundary layer model only for the first hour of the transient; after the first hour the
temperature predicted by the boundary layer model is lower. Furthermore, the rate of
temperature decrease in the reactor cavity and sump region is higher in the boundary layer
model run. This indicates the cold air in the very low regions of the containment mixes
less with the rest of the containment atmosphere when the boundary layer model is used.
This confirms that the boundary layer model reflects the accumulation of cold air in the
low regions of the containment and the subsequent diminished mixing.
The ability of the boundary layer model to realistically predict containment behavior is
also demonstrated by the velocity vectors depicted in figure 8.14. The flowfield snap-
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Vmax = 50.423031 (ft/s)
Time = 1860.83
Figure 8.14 Velocity vectors at 30 minutes after the initiation of a LOCA transient, i.e.,
after pressure begins to decrease from its peak value
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shot (view B-B in figure 8.2) was taken during the LOCA transient at 1800 seconds, i.e.,
when containment pressures have begun to decrease from their peak value. The
magnitude of the vectors indicates that there still is a forced convection contribution from
the break steam release. Furthermore, the large velocity vectors along the shell show that
there is sufficient flow along the shell to allow the code to properly predict accumulation
of cold air at the bottom of the containment.
It is important to note that the pressure predictions of the boundary layer and conventional
models only differ by less than 30 kPa throughout both LOCA and MSLBA transients.
However, the code has to accurately simulate phenomena that play a significant role in
the overall behavior, and its ability to reflect physical behavior has to be verified in all
respects when a best estimate analysis is performed. The boundary layer model proposed
in this thesis offers a reasonable solution to the simulation of in-containment flow fields,
but a modification of the code logic would be preferable. Such a modification would
involve changing the computation of wall heat transfer. The semi-empirical correlations
should be replaced with finite difference flow and condensation computations. Extensive
experimental work is necessary to develop and validate such finite difference
computations on scales that are smaller than the boundary layer, since the currently
available data was obtained and correlated using bulk properties.
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8.2 Large Break Loss of Coolant Accident
The determination of design pressure required for an FSAR involves the analysis of
various primary system break configurations; breaks of the cold and hot legs at various
locations are examined. Furthermore, containment behavior is predicted with operation
or failure of various active systems.
The large break LOCA scenario used in the analysis of the proposed containment is the
Waterford 3 [FSAR, 1991] design basis accident that leads to the highest energy release
into the containment and the highest blowdown peak pressures and temperatures as
determined during FSAR analyses. This worst case loss-of-coolant LOCA involves the
double-ended severance of the cold leg with minimal operation of active systems. The
break area is 0.909 m2, and for the current analysis the break was assumed to occur above
the missile shield, i.e., at an elevation of 7.62 m".
Figure 8.14 shows the energy release curve for the worst case LOCA accident. The break
occurs at time 0. The accumulators begin to inject at 13.5 seconds. The blowdown
terminates at 22 seconds. In 260 seconds the core is reflooded. Up to this point the steam
enthalpy and mass curves tabulated in the Waterford 3 FSAR were used to obtain the
required energy release.
11 The high break elevation is a conservative assumption, as was discussed in chapter 6.
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LOCA Release Curve
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Figure 8.15 LOCA blowdown , sensible- and decay-energy release curve
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The mass rate and enthalpy tabulations of the FSAR cover a 24 hour period following the
LOCA. However, because the Waterford 3 FSAR release calculations were done under
the assumption of restored containment pressure (they use the active systems to
significantly lower the pressure in a short period of time), the mass flow rate and enthalpy
given in the FSAR are not consistent with the still elevated pressures that are expected in
the proposed containment; the released energy rate (i.e., the product of the mass rate and
the enthalpy) is however appropriate. This energy rate was used to obtain the mass and
enthalpy for the proposed containment. After the core is reflooded, it is reasonable to
assume that the steam is released at near saturation conditions. Therefore, the enthalpy of
the released steam was determined to be that of vapor at the containment pressure
throughout the reminder of the transient1 2; the mass flow rate was then calculated using
equation 8-2.
The blowdown energy, the stored energy and the decay energy for the first 24 hours are
included in the FSAR tables. After 24 hours, the only energy that is released is decay
energy. To complete a 3 day analysis of the proposed containment behavior, the decay
heat curve was added for the second and third day of the transient; saturated steam was
assumed released during the decay heat period also. [ANSI/ANS-5.1, 1979] The steam
mass flow rate and the steam enthalpy used for input were calculated as follows:
12 An iteration was done in the early stages of this work. An approximate steam enthalpy curve was input
that corresponded to the first predictions of pressure. The new obtained pressure curve was used to
generate the new enthalpy curve for input into GOTHIC. The iteration showed containment pressures and
temperatures to be largely insensitive to small variations in the enthalpy curve.
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Q(t) = ih(t) -h(p(t)) (8-1)
where: Q(t) - the released energy from the Waterford FSAR or the light water reactor
decay curve,
h(p(t)) - saturated steam enthalpy at p(t), where p(t) was obtained from GOTHIC
results, and
Q•(t)
ri(t) = t) - mass flow rate of steam. (8-2)
h(p(t))
The LOCA energy release curve input into GOTHIC is shown on figure 8.15.
The pressure and temperature predictions obtained from GOTHIC for the worst case
LOCA are shown in figures 8.16 and 8.17, respectively. The pressure curves show a
smaller blowdown peak at 120 seconds and a decay-heat peak at about 1800 seconds.
Both peaks are below the acceptable design pressure limit (about 0.42 MPa) for a steel
shell containment. Furthermore, the pressure exerted on the equipment room wall is less
than the 1 % of peak pressure limit set for compartment walls. Note that the
compartment walls of the proposed design are thicker than the walls of currently
operating PWRs, which increases the pressure differential that they can withstand during
an accident.' 3 Finally, at 24 hours, the pressure has fallen below 19 psia (131 kPa) which
is less than half the design pressure, and thus meets the depressurization rate regulatory
requirement.
3 A complete analysis, such as that required for an FSAR, would have to include releases that occur in
various compartments, and the possibility of missiles in particular compartments.
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Figure 8.16 GOTHIC LOCA pressure predictions for the upper containment region and
the equipment room
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Figure 8.17 GOTHIC LOCA temperature predictions for various containment regions
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The temperature curves shown for the lower and upper containment regions, and for the
reactor cavity and sump region show that thermal stratification develops during the early
stages of the transient. The temperature is highest in the lower containment region, i.e.,
in the vicinity of the break, at the beginning of the transient. At about 1000 s, sufficient
steam has risen toward the dome to make the temperatures in the upper containment
region higher than in the lower containment region. After the blowdown peak, the
temperature curves of the upper, lower and sump regions of the containment begin to
merge, which indicates that thermal stratification does not persist. However, the sump
region remains colder throughout the three day transient, which is reasonable because
heat is effectively removed in that region by the internal pool, and because cooled
air/steam is continuously brought into this region by convection/condensation along the
steel shell.
With the exception of the dome region, which exceeds acceptable temperatures by
approximately 200C 14 for about 20 minutes, the containment remains within acceptable
temperature limits at all times. This means that equipment housed in the fan cooler
rooms and equipment rooms is not subjected to temperatures that exceed their
qualification limits. The limits on the steel shell are higher than those on equipment, and
temperatures that approach the saturation temperature corresponding to the ultimate
pressure (approximately 188 0 C) are allowable for limited periods of time. Therefore, the
14 The acceptable peak temperature is considered to be the saturation temperature at design pressure, which
is approximately 1450C.
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proposed containment also meets the imposed temperature limits during the worst case
LOCA.
The proposed containment meets its design requirements because the pressure limiting
features incorporated into the design are effective. Figure 8.18 shows the energy removal
rate by the various pressure-limiting features. Figure 8.19 shows the integral energy
removal by these features. In the early stages of the transient, storage is the most
effective means of pressure limitation. Storage in steel is most significant initially, but
the steel reaches thermal equilibrium with its surroundings within 2 hours, and its
effectiveness as a sink diminishes. The concrete is a slower acting sink and has a larger
mass than the steel, and thus continues to store energy for the first 12 hours of the
transient. The internal pool'5 stores energy at a rate comparable to that of the concrete,
but it remains an effective sink throughout the three day transient. Its effectiveness
decreases with time as containment temperatures decrease, and thus the storage rate is
decreased, but it continues to remove heat from the containment atmosphere throughout
the three day transient. The highest rate of energy transfer during the decay heat peak
period is the external moat; the moat remains the principal means of heat removal
throughout the reminder of the transient. The air annulus is significantly less effective
than the moat, but also continues to remove heat throughout the three day transient. The
air annulus is important in removing heat from high elevations, especially in periods in
which the upper regions are significantly hotter than the rest of the containment.
15 Heat transfer to the pool occurs through condensation on the pool surface and on the steel walls of the
tank. The code calculates conduction through the steel walls and convection to the pool water. The pool is
subdivided, and thus circulation redistributes the heat in the bulk of the internal pool water.
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Figure 8.19 Integral energy curves during the LOCA transient
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The integral heat removal curves assist in ranking the pressure-limiting features. The
steel is fast acting but has the lowest overall effect. The concrete stores more energy, but
also has a limited period of effectiveness. The features that were incorporated into the
design of the proposed containment as a result of this work are the most effective and
long acting pressure limiters. The air-annulus, internal pool and external moat remove
the most energy during the three day transient, and also continue to act for the duration of
the transient.
The energy released into the containment is also plotted on figures 8.18 and 8.19. The
energy release rate and the total energy removal rate can compared from the curves on
figure 8.18. It is important to note that the pressure peaks correspond to the points at
which energy release is overtaken by energy removal; this is consistent with the fact that
pressures and temperatures begin to decrease as energy is removed from the containment
atmosphere at a faster rate than the rate of release. Also, the integral curves on figure
8.19 show that between 24 and 48 hours, the energy released and the energy removed are
practically equal. That means that the containment and the features incorporated into the
design are properly sized, i.e., that the total energy removal matches the energy released.
This indicates that there is no obvious reason to attempt a further optimization of the
features incorporated into the design. If the energy removal rate were to significantly
exceed the decay heat rate, then the cost of the containment could be reduced by reducing
its volume and/or the size of the pressure limiting features incorporated into the design.
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Heat transfer enhancement methods are however available for all the features proposed
(see chapter 4), and if such enhancements can be demonstrated beneficial in subsequent
studies, a reduction in size of the features can be achieved.' 6
8.3 Main Steam Line Break Accident
As in the case of a primary system LOCA, the determination of design pressure for an
MSLBA required for the FSAR involves the analysis of various break configurations.
Furthermore, analyses that involve failure of the main steam line isolation valve are
considered.
The MSLBA scenario used in the analysis of the proposed containment is the Waterford 3
[FSAR, 1991] MSLBA design basis accident that leads to the highest energy release into
the containment and the highest blowdown pressures as determined during FSAR
analyses. The break area is 0.731 m2, and for the current analysis the break was assumed
to occur at the highest point of the main steam line, i.e., at an elevation of 12.5 m7 .
Figure 8.20 shows the energy release curve for the worst case MSLBA accident. The
break occurs at time 0. The feedwater isolation signal is received at 2 seconds; the
unaffected loops' isolation valves close at 5.5 seconds. The main feedwater isolation
valve closes at 7.5 s. The blowdown is terminates at 200 seconds. Up to this point the
16 Note that all heat transfer augmentation techniques involve additional costs, and that their implementation
would require a cost effectiveness analysis.
17 The high break elevation is a conservative assumption, as was discussed in chapter 6.
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Figure 8.20 MSLBA blowdown , sensible- and decay-energy release curve
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steam enthalpy and mass curves used to obtain the required energy release into the
containment were taken directly from the Waterford 3 FSAR. As for the LOCA, to
complete a 3 day analysis of the proposed containment, the decay heat curve was used for
the remainder of the transient; saturated steam was assumed released during the decay
heat period also. [ANSI/ANS-5.1, 1979] The steam mass flow rate and the steam
enthalpy for the long term release were determined as was discussed in the LOCA
section.
The pressure and temperature predictions obtained from GOTHIC for the worst case
MSLBA are shown in figures 8.21 and 8.22, respectively. The pressure curves show a
blowdown peak at 60 seconds and a decay-heat peak at about 1300 seconds. The
blowdown peak is significantly larger (by about 35 kPa) than the LOCA blowdown peak.
This is due to the fact that the steam released during the MSLBA blowdown has a
significantly higher enthalpy than that released during a LOCA. Both blowdown and
decay-heat peaks are below the acceptable design pressure limit (about 0.42 MPa) for a
steel shell containment, but they are larger than those predicted for the worst case LOCA.
The pressure differential exerted on the equipment room walls is very small throughout
the transient.
The temperature curves shown for the lower and upper containment regions, and for the
reactor cavity and sump region show that thermal stratification is more accentuated
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Figure 8.21 GOTHIC MSLBA pressure predictions for the upper containment region and
the equipment room
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Figure 8.22 GOTHIC MSLBA temperature predictions for various containment regions
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during the MSLBA than during the LOCA. This is largely due to the fact that higher
enthalpy steam is released during the MSLBA, and thus the steam can rise to the dome
region without mixing and losing significant heat in the lower containment. Also, this
result (more accentuated thermal stratification) is consistent with the higher steam release
elevation, as was discussed in chapter 6. The temperature is highest in the lower
containment region, i.e., in the vicinity of the break, until after the decay-heat peak. At
about 3000 s, sufficient steam has risen toward the dome to make the temperatures in the
upper containment region higher than in the lower containment region. After the
blowdown peak, the temperature curves of the upper and lower containment regions
begin to merge, but the reactor cavity and sump region remains significantly cooler
throughout the transient.
The upper and lower containment are at temperatures above 1450 C for the first two hours
of the transient. As was mentioned in the prior section, the limits on the steel shell are
higher than those on equipment, and temperatures that approach the saturation
temperature corresponding to the ultimate pressure (approximately 188 °C) are allowable
for a limited period of time. The temperatures predicted in the fan cooler rooms and
equipment rooms are at all times lower than equipment qualification limits. Therefore,
the proposed containment also meets the imposed temperature limits during the worst
case MSLBA.
289
Figure 8.23 shows the energy removal rate by the various pressure-limiting features. As
in the LOCA transient, storage is the most effective initial means of pressure limitation.
Storage in steel and concrete are highly effective in early stages of the transient, but they
lose their effectiveness as these sinks approach thermal equilibrium with the containment
atmosphere The internal pool remains an effective sink throughout the three day
transient. Its effectiveness decreases after the decay heat peak as containment
temperatures decrease. The highest rate of energy transfer during the decay heat peak
period is to the external moat, which continues to be the principal means of heat removal
throughout the reminder of the transient. The air annulus is less effective than the moat,
but also continues to remove heat throughout the three day transient. It is important to
note that the effectiveness of the air-annulus is greater in the MSLBA, because the
containment temperatures are higher in the upper region of the containment where the air-
annulus acts.
The integral heat removal curves are shown in figure 8.24. The curves indicate the same
relative performance of pressure-limiting features as during the worst case LOCA
transient. The steel is fast acting but has the lowest overall effect. The concrete stores
more energy, but also has a limited period of effectiveness. The features that were
incorporated into the design of the proposed containment as a result of this work are the
most effective and long acting pressure limiters. The air-annulus, internal pool and
external moat remove the most energy during the three day transient, and also continue to
act for the duration of the transient.
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Figure 8.23 Energy rates during the MSLBA transient
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Figure 8.24 Integral energy curves during the MSLBA transient
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8.4 Hydrogen Release Accident Scenarios
The TMI-2 accident brought to the forefront concerns about beyond design bases
accidents. These accidents involve the release of energy into the containment due to a
break of the primary system, and the additional release of energy due to phenomena that
accompany core degradation. Two areas have been researched as part of beyond design
bases analyses: the combustion of hydrogen, and steam explosions. The current work
only examines thý potential for hydrogen combustion in the proposed containment.
Nuclear regulatory bodies have focused on hydrogen combustion problems since the
TMI-2 accident. German authorities have postulated a series of accident scenarios that
have to be included in containment accident analyses. Their assumption of 100 % Zr-
oxidation, makes the hydrogen release curves generated for their Convoi power plants
conservative for use in this work. The sequence of a hydrogen release accident is as
shown in table 8.3. [EPRI NP-1804-SR, 1981] The accident sequence described in table
8.3 corresponds to a large break LOCA during which only minimal passive injection from
accumulators is assumed, and all active systems have failed. This scenario is the most
pessimistic case, and yields the worst case hydrogen release because core degradation
occurs early during the transient, i.e., when containment temperatures and pressures are
close to the decay-heat peak value. It is important to note that the effect of hydrogen
addition (in the absence of combustion) on the overall containment pressures and
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temperatures is not of great concern, because hydrogen is released half an hour after the
containment reaches peak pressure and temperature conditions.
The accident sequence described above results in a maximum possible generation of
hydrogen as shown in figure 8.25. The hydrogen release mass rate shown in the figure
was input into GOTHIC. The hydrogen was released in the same subvolume as the
steam, i.e., above the reactor vessel missile shield. Figure 8.26 shows a schematic of the
containment that includes locations important to subsequent discussion. The hydrogen is
released in the central subvolume above the missile shield. There are a total of 48
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Figure 8.25 Hydrogen integral mass release curve (from Battelle-Frankfurt Report, 1991)
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* location for GOTHIC prediction
Figure 8.26 Schematic of the proposed containment with marked hydrogen recombiner
locations and GOTHIC hydrogen prediction locations
:r
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Table 8.3 Behavior of Core Melt Accidents
(taken from EPRI NP- 1804-SR, 1981)
Process Elapsed time after
initiating event (hours)
Failure of ECCS 0
Beginning of core melt 0.6
End of core melt, 0.9
collapse of core into the lower plenum
End of residual water vaporization in the lower plenum 1.3
Melt-through of RPV, 1.6
collapse of the melt into the reactor cavity
Melt through of the inner shielding, 3.7
contact of melt with sump water
Over-pressure failure of containment 21
Failure of the building foundation ca. 100
recombiners in the dome region (in the cells above the interface between the cylindrical
and hemispherical sections of the shell; 8 are placed in the central ring, 16 are placed in
the middle ring and 24 are placed in the outer ring), 4 recombiners in the 4 equipment
rooms and 4 recombiners in the 4 fan cooler rooms.18 Each recombiner has a 1 m2 inlet
area. Hydrogen concentrations were extracted from the GOTHIC code predictions at 5
locations. The upper dome, the top of the steam generator and the bottom of the reactor
vessel indicate the degree of vertical mixing during the transient. The fan cooler room
18 The eighth-pie section model was used, which means that 6 recombiners were modeled in the dome
region and 2 half-capacity recombiners were modeled in the equipment and fan cooler room (i.e., one full
size recombiner in each separate room).
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and the equipment room are separate compartments, and are susceptible to combustion if
insufficient mixing exists between them and the rest of the containment after flammable
concentrations are reached.
Figure 8.27 shows the hydrogen concentrations predicted by GOTHIC at various
locations in the containment. During the release period, hydrogen concentrations are
highest in the vicinity of the break, i.e., at the top of the steam generator level. The
concentration in the fan cooler room and the upper containment are comparable to that
near the release location, which indicates that there is significant mixing between these
subvolumes. The concentrations below the release location, i.e., in the equipment room
and at the bottom of the reactor vessel are significantly lower than at higher elevations.
However, mixing between the lower portions of the containment and the upper portions
of the containment continues after the release period (i.e., after 10 hours) as indicated by
the fact that concentrations in low elevations continue to increase. Mixing is also
indicated by the upper level curves. The hydrogen rises toward the upper containment,
and the concentration there exceeds the concentration near the release location after the
release terminates. The subsequent mixing is evident from the convergence of the
hydrogen concentration curves during the latter part of the transient.
The hydrogen recombiners were added to the model at the locations indicated on figure
8.26. The flowrate through each recombiner was calculated from the velocity curves
obtained from the previous GOTHIC run; figure 8.28 shows the gas/steam mixture
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velocities predicted by GOTHIC for the upper containment, the fan cooler room and the
equipment room. The flow rate was determined assuming a 1 m2 recombiner inlet area,
and the efficiency of the recombiner was set to a conservative constant value of 50 %.
Figure 8.28 shows the GOTHIC predicted hydrogen distributions at the locations
indicated on figure 8.26. The concentrations remain below 8 % at all locations
throughout the transient. This is lower than the combustion limit of about 10 % which is
the threshold limit for combustion in a representative containment atmosphere. The
relative concentrations depend on three important factors: the time dependent
concentration at the recombiner inlet, the flowrate through the recombiner, and the
mixing among regions. Since the relative contribution of these factors is difficult to
quantify, the relative effect of recombiners cannot readily be discussed in the context of
physical phenomena alone. There are however, a few important conclusions to be drawn
from the curves of figure 8.29. The hydrogen concentration in the upper containment
never exceeds the concentration near the release location, which indicates the dome
recombiners are highly effective. Also the recombiner in the equipment room is highly
effective at limiting the hydrogen buildup in that room, which is very important because a
local hydrogen combustion at that location would affect the integrity of emergency
equipment. Similarly, the fan cooler room concentration is limited throughout the
transient, and reaches near-zero values towards the end of the 24 hour period. The fact
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Figure 8.29 Hydrogen distribution during a LOCA with hydrogen recombiners
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that hydrogen is completely reduced in this area is attributable to the high ratio of
recombiner-to-compartment volume at this location.
8.5 Chapter 8 Summary
This chapter has presented the final set of GOTHIC runs that demonstrate the feasibility
of the proposed passively cooled containment for a large rating PWR. The GOTHIC
performance predictions were preceded by preliminary code verification steps. The code
verification was twofold: verification of the code logic, and verification of code input
models. The predictions obtained for both worst-case large break LOCA and MSLBA
show that the proposed containment can meet all the regulatory requirements for a
containment equipped with passive features.
The verification of input models focused on the choice of lumped- and/or distributed-
parameter use, heat sinks, flow paths, and hydrogen recombiners. The steel shell was
modeled using a single distributed-parameter volume. Mesh size convergence was
demonstrated by using a 248 node model and a 378 node model. It is important to note
that the finer meshing yielded higher peak pressure predictions than the coarser meshing,
but the relatively small peak pressure difference (less than 4 psia (28 kPa)) obtained from
these two runs indicates that the meshing is sufficiently fine.
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Heat sinks were modeled conservatively, i.e., only major heat sinks were input and they
were positioned at the lowest plausible position. Hydrogen recombiners were modeled in
the dome and in separate compartments (i.e., equipment rooms and fan cooler rooms); a
conservative 50 % constant recombination efficiency was input, and the flow through the
recombiners was calculated without taking credit for any buoyancy effect due to the
exothermic recombination reaction.
The most important step in the verification of the GOTHIC code was the assessment of
the code's ability to properly model phenomena that are important to the overall
containment performance. The elevation and form of steam release are two such factors.
Because the hot steam is less dense than the air, a high release elevation is more
conducive to thermal stratification, and thus retards the heat rejection to the low-lying
moat, and the storage in low-elevation sinks. For conservatism, the breaks were located
at the highest plausible elevation for both the LOCA and the MSLBA runs. A jet directly
imparts momentum to the surrounding air and forces containment atmosphere mixing. A
plume is less effective for mixing because it only acts by entrainment. However, a low-
level plume release location entrains the surrounding air over a long path, which
minimizes the potential for thermal stratification (as discussed in chapter 6). For
conservatism, the largest plausible break size was used in both the LOCA and MSLBA
input decks.
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The run time optimization process dictated that a pie section of the containment must be
modeled to allow a sufficiently fine nodalization and still maintain acceptable run times.
Because the proposed containment configuration has no asymmetries19, an eighth-pie
section model was used. The LOCA break is relatively centered, but the MSLBA break is
located in the vicinity of the steam generator compartment and is therefore a source of
asymmetry. A half-section model was input to account for this asymmetry. The half-
section model does not permit the fine nodalization that can be used in an eighth-pie
section model. The MSLBA accident scenario was run using both a coarser half-section
model and the finer eighth-pie section model. The good agreement obtained between
predictions from these two runs indicates that symmetry-sections can be used with
accurate results if the asymmetry does not significantly affect phenomena that are
important to the overall containment behavior.
The boundary layer model that was introduced to properly model the flow of the cooler
steam-depleted mixture along the containment shell was also examined. The temperature
histories obtained for the MSLBA from the conventional model and the boundary layer
model showed a noticeable difference in axial temperature gradient; during the peak
pressure time period the conventional model predicts a temperature difference of
approximately 400 C while the boundary layer model predicts 500C, and because the BL
model temperatures in the lower containment are higher 30 minutes after the initiation of
the transient, the BL model is conservative in estimating heat rejection to the moat and
19 Design details that cause the configuration of a real containment to be asymmetrical were ignored during
this work, since the main purpose of this research was to demonstrate the feasibility of passive cooling for a
large rating reactor.
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storage in low-lying sinks. It is important to reiterate that the boundary layer model is
only an approximation, and that a modification of the GOTHIC code logic that properly
computes convection and condensation at the wall is necessary to ensure that the transfer
to the environment is properly computed.
The final LOCA and MSLBA runs showed the peak pressures remain under design limits
throughout both transients; the peak LOCA pressure is 0.37 MPa and the peak MSLBA
pressure is 0.39 MPa. The peak pressures drop to below half the design value within 24
hours after the initiation of each transient. The peak temperatures in various regions of
the containment are in the range of equipment qualification temperatures. The energy
storage and removal rates show that the combination of heat sinks and heat removal
features is well suited to limit the pressure rise both during the blowdown and the decay
heat peak periods, and to restore the containment pressures. There is another important
conclusion that can be drawn by comparing the energy released into the containment
during the LOCA and the total storage/removal rate: the good match between the two
rates in the later period of the transient shows that the proposed containment is not over-
designed.
Finally, a LOCA accident that leads to core degradation and the consequent release of
hydrogen into the containment was shown to lead to unacceptable hydrogen
concentrations even in a containment as large as the one proposed in this work. However,
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hydrogen recombiners were shown to effectively maintain hydrogen concentrations below
combustible limits throughout a three day transient.
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CHAPTER 9.
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
The primary scope of this research was to design a containment for a large rating PWR
(1300 MWth) that makes it possible to reject sufficient heat to maintain conditions inside
the containment below design limits during any postulated design basis accident. The
proposed containment thus eliminates the need to employ active features for containment
cooling, and subscribes to the guidelines set forth for passive reactor systems. [EPRI,
1987] The secondary scope of this research was to develop an analysis methodology that
is sufficiently reliable to ensure that predictions regarding the performance of the
proposed containment are accurate. The original contributions of this research are
summarized in table 9.1.
9.1 Summary and Conclusions
The internal structure of the proposed containment is very similar to that of the Waterford
3 PWR. The free volume was increased by 70 %, which is still within contemporary
design practice. The equipment rooms and fan cooler rooms of the proposed containment
are the same size as those of the Waterford 3 containment. It is possible to preserve the
sizes of those rooms, since the equipment that needs to be housed in those areas remains
the same. The reason for not increasing the size of those rooms is to leave as much open
space as possible in the containment to allow for better mixing of the containment
atmosphere. Figure 9.1 shows a vertical and horizontal cross section of the proposed
containment. Note that only the compartments necessary for computer modeling
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Table 9.1 Contributions of this Research
Design * high rating (1300 MWe) LWR passive heat removal integrated
design concept; first such published above 1000 MWe
* systematically evaluated several design features
- air-convection annulus
- internal baffle
- external pools (small boiling pool, large moat)
- internal pool
Experiments 0 stratification
- verified need for special wall model to properly
describe near-wall downflow of cool air/steam
mixture
* moat
- confirmed heat removal capability of the moat concept
- validated applicability of the Kataoka [1992] free
convection heat transfer correlation for best estimate
use
- determined the conservatism (low by about 30 %) of
the current GOTHIC free convection heat transfer
model to a body of water
Modeling * first documented/reported use of distributed parameter analysis
for complete evaluation of containment performance
* extensive verification of how to configure input to enable
GOTHIC to correctly deal with features and phenomena
* parametric study of phenomena
- development of the boundary layer cell model for
improved flow field prediction
- run time optimization by employing symmetry
- jet/plume effect on thermal stratification
* identification of code features that should be upgraded
ling
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Figure 9.1 The initial configuration for a passively cooled containment for a large rating
PWR
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purposes are included and that not all metal and concrete heat sinks within the are
indicated. The important sinks are however included in the code modeling that was done
during this research.
9.1.1. Background
Reactor design criteria, such as power rating, free volume, surface area, design limits of
equipment, and special heat rejection systems, determine the performance of a
containment system during a design basis accident. Practical considerations
(constructability and cost) also affect the selection of pressure-limiting features for a
particular design.
Several passively-cooled reactor containments have been designed; table 9.2 lists these
containments and their characteristics. It is important to note that, to date, entirely
passive heat removal from reactors has principally been explored for small rating
reactors. This places the containment design proposed in this thesis at the forefront of
designs feasible for large rating reactors. Passively cooled large rating reactors are not
only desirable because of economy of scale, but also because areas with high population
density siting constraints make large power rating reactors the only viable approach for
nuclear power generation.
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Table 9.2 Passive Containment Systems for Small Rating LWRs
PCCS - passive containment cooling system
References: [McCandless and Redding. 1989]; [Kataoka
1990]; [van de Vanne et al., 1992]
et al., 1990]; [Menaker et al.,
All passively cooled containments have steel shell primary enclosures, and larger free
volumes than would be necessary in similar rating reactors equipped with active heat
rejection features. External reinforced concrete shield buildings are employed for
protection from external events. The passively cooled containments for small rating
BWRs employ suppression pools, and additional designated passive systems to meet heat
rejection requirements; GE's SBWR uses an isolation condenser [Oikawa et al., 1991],
and Hitachi's HSBWR uses an external waterwall [Kataoka et al., 1990]. The passive
containment cooling systems (PCCSs) considered for small rating PWRs are air
convection annuli; further heat transfer enhancement methods include the surface
modifications (long fins and corrugations) proposed for B&W's ASPWR [Menaker et al.,
Reactor Type Rating PCCS PCCS Heat Removal
(Designer) (MWe) Mechanism
SBWR BWR 600 isolation condenser * natural circulation of steam
(GE) * condensation
* conduction to external pool
* evaporation to atmosphere
HSBWR BWR 300 external waterwall * evaporation to atmosphere
(Hitachi)
ASPWR PWR 600 air convection * mixed convection of air
(B&W) annulus with fins * radiation
and exhaust
chimney
AP600 PWR 600 air convection * mixed convection of air/steam
(Westinghouse) annulus with * radiation
exhaust chimney, * film evaporation
external water spray
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1990] and the gravity-driven, external spray proposed for Westinghouse's AP600 [van de
Vanne et al., 1992]. An air-convection chimney was also proposed for passive heat
removal from the EPR containment, but the alternative of a high design pressure
containment with active cooling was simultaneously investigated. [Erbacher and Neitzel,
1994; Baumgartl, 1992] CE's System 80+ large rating reactor, has a large free volume
and continues to employ active pressure limiting systems. [Turk and Matzie, 1992]
Table 9.3 Experimental Programs Related to PCCSs Included in the Proposed Design
PCCS Experimental Program Phenomena Examined
air-convection ANL -- LMR natural shutdown heat - combined free and forced convection*
annulus removal test - effect of K-losses on heat flux
- effect of gap width on heat flux
MIT -- MHTGR duct flow test - combined free and forced convection
cooling*
Westinghouse -- small scale test - combined free and forced convection
- radiative heat exchange
Westinghouse -- large scale test - combined free and forced convection
- radiative heat exchange
- evaporative film cooling
- in-containment behavior
MIT -- prefilled water annulus test - combined free and forced convection*
annular external MIT -- prefilled water annulus test - air-steam convection*
pool - saturated pool boiling
external moat Hitachi -- water wall test - free convection in pools
- condensation
MIT -- moat heat transfer test** - pool free convection
- subcooled boiling
* The results were corrected to isolate the effects of convection from radiative heat exchange.
References: [Heineman et al., 1988]; [Fu et al., 1992]; [van de Vanne, 1992 -- small and large
Westinghouse experiments ]; [Kataoka, 1992].
** This experiment was developed for during this research.
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Many experimental programs were devised to investigate the performance of several of
the PCCSs discussed above, as well as other PCCSs suitable for LWR applications.
Table 9.3 lists experimental programs relevant to this research. Significant experimental
effort was performed to evaluate the air convection annulus (Westinghouse, ANL, MIT),
but less effort was directed toward heat removal by external pools (Hitachi, MIT). Other
experimental programs have focused on quantifying in-containment condensation and
containment atmosphere mixing (most significant among them are the tests performed in
the HDR facility). Data from these large scale experimental programs were also used to
verify/validate computer codes for containment design and safety analyses.
Table 9.4 lists the most commonly used containment analysis codes.20 Most of the safety
and licensing analyses for containments of currently operating reactors were carried out
using lumped parameter codes. The use of distributed parameter codes became necessary
when passive containment systems started to be considered. Passive heat rejection is
dependent on in-containment flow, temperature, and concentration fields, which can only
be accurately predicted by distributed parameter methods. There are several codes
available for containment analysis that employ distributed parameter equations. The
fundamental equations incorporated in these codes were adapted from multi-dimensional
channel analysis codes. Many of the distributed parameter codes that are now being
adapted for containment applications, were developed with emphasis on specific
phenomena, and code logic refinements were geared at optimal modeling for a limited
20 Designer codes are not included in the table.
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Table 9.4 Widely Used Containment Analysis Codes
Code Name Type of Code Turbulent Remarks
Diffusion
CONTAIN LP N/A * most used LP code
MAAP LP N/A * extensively verified
against experimental
data
HMS DP (3-d, cartesian and k-c * widely used DP code
cylindrical)
GASFLOW DP (3-d, cartesian and k-e * evolved from HMS
cylindrical) * special emphasis on
noncondensables and
combustible gases
COBRA-NC LP/DP (3-d, cartesian) Pr mixing * no preprocessor
length
GOTHIC LP/DP (3-d, cartesian) Pr mixing * evolved from
length** COBRA
* user friendly interface
* most extensively
verified against
experimental data
LP -- lumped parameter (i.e., single volume nodes)
DP -- distributed parameter (i.e., subdivided volume nodes)
* The volume equations were modified to model two regions in each volume for better
agreement with flow data.
** Version 4.2 of the GOTHIC code will also include the k-c turbulence model.
The principal source for this table is Wolf [1993]. Other references: [Murata et al., 1990];
[George et al., 1991]
range of applications. For example, the MAAP code was refined to handle peculiarities
of flow through paths that have large temperature gradients which affect the effective
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pressure drop through flow junctions. Another example is the GASFLOW code (which
evolved from the HMS code) that has been refined with particular emphasis on the
convection of noncondensables and flame propagation in the presence of obstacles. The
detail required to obtain accurate modeling of such complex phenomena on length scales
that are small relative to those relevant in a reactor containment conflicts with the ability
to model the entire containment. Specifically, the node sizes required for such details are
prohibitive to the modeling of an entire reactor containment. Furthermore, significant
modifications to code logic have to be done before these codes can adequately account for
all the phenomena that are important in a long transient in a passively cooled
containment. The code that is most appropriate for such analyses today, is the GOTHIC
code. This code was used to obtain predictions for the proposed PWR containment.
9.1.2. Preliminary GOTHIC Code Verifications
The level of modeling detail necessary to gain confidence that GOTHIC code predictions
are reliable, made it necessary to use only a pie-section of the containment for many of
the important runs discussed in this thesis. The succession of runs used to make the
transition from a full lumped volume to an eighth-pie subdivided volume section showed
that pie sections can be used if no significant asymmetries exist. Figure 9.2 shows the
GOTHIC pressure predictions following a large break LOCA obtained by using the full
containment model and the coarsely meshed eighth-pie section model. Note that the
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pressures predicted are high because this is a small containment without active cooling
actuated during the transient. Using an eighth-pie section, GOTHIC has allowed detailed
modeling of important in-containment structures, and has given detailed information
about flow fields, and distributions of temperatures and noncondensable gases in the
containment atmosphere.
In addition to mesh size convergence, the maximum time step appropriate for GOTHIC
runs was verified. The maximum time step allowed by solution convergence proved to
give accurate results in runs which did not include water pools. Halving the maximum
time step for runs in which the external water pool was modeled showed that the
convergence time step internally selected by GOTHIC during runs with water filled
subvolumes is too large, and that a lower (by an order of magnitude) maximum time step
value has to be input.
Press
(psi
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Time (seconds)
Figure 9.2 Comparison of predictions obtained for the full- and eighth-containment
models following a large break LOCA
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9.1.2. Pressure-limiting Features
Several pressure-limiting features were incorporated into the proposed containment. Heat
rejection through the steel shell was enhanced by using an air-convection annulus on the
upper portion, and an external moat on the lower portion. The in-containment pressure
rise was also limited by incorporating a large internal pool in the design. Preliminary
performance calculations were done for each of these features; also, GOTHIC code logic
modifications were effected to better represent these features. Each feature was then
added to the GOTHIC eighth-pie-section model. Figure 9.3 shows the succession of
GOTHIC feature-evaluation models. Figure 9.4 shows the LOCA pressure predictions
for the models shown on figure 9.3. All pressure curves show two peaks: the first is due
to blowdown heat and the second is due to decay heat. The blowdown pressure rise is
limited by storage in containment sinks; this peak is therefore not significantly affected by
heat transfer enhancements at the containment shell. The decay heat pressure rise is
limited by both in-containment energy storage and heat removal at the containment
boundary. This peak is significantly affected by the choice of heat rejection features.
The performance of the air convection annulus formed between the primary steel shell
and the secondary concrete enclosure was determined first. The performance predictions
for this feature involved the determination of an appropriate heat transfer correlation for
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use with the GOTHIC code, which predicts the overall heat transfer for the containment.
The chosen correlation accounts for flow geometry and operating regime, and was
modified to include the effect of radiative heat exchange between the steel shell and the
secondary concrete enclosure. Design peculiarities associated with multiple axially
separated air inlets were resolved by determining the heat transfer coefficient between
axially separated inlets. The RECENT code and the FLUENT code were used to show
that both friction factor and heat transfer coefficient on the region between inlets are
comparable (i.e., within 3 to 20 %) to those of a bottom-only inlet region. Figures 9.5
and 9.6 illustrate this point.
The annulus air-convection is an effective heat rejection enhancement as demonstrated by
the GOTHIC code predictions; using an air convection annulus, in which radiative heat
exchange also occurs, decreases the peak pressure for a containment of the size of
Waterford 3 by nearly 30 % relative to the pressure obtained for a bare steel shell
configuration. Nearly 13 MW are removed during the peak pressure period of a large
break LOCA transient. The heat rejection rate to the air-convection annulus also offers
the potential for heat transfer augmentation through the use of fins or surface roughening.
The heat transfer rate to the environment was further increased by incorporating an
external pool into the design of the proposed containment. Two external pool
configurations were examined: an annular pool of variable height, and a large external
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moat that submerges the lower half of the containment shell. The annular pool operates
in free convection, subcooled nucleate boiling and/or saturated boiling regimes. The
transition from one regime to another, and consequently the heat transfer rate was shown
to depend on pool height and degree of mixing between the water contained in the
annulus between the primary and secondary shell and the water outside the secondary
shell. The external moat operates exclusively in the free convection regime, but is highly
efficient at removing heat from the containment because it remains at a constant low
temperature throughout the transient. A containment that is equipped with a moat on the
lower half and an air-convection annulus on the upper half will reach peak pressures more
than 50 % lower than a comparable size bare steel shell containment. The moat removes
nearly 110 MW during the period of peak pressure.
The pressure rise inside the containment was also limited by incorporating a large internal
pool. The large internal pool was shown to decrease peak pressure by more than 20 %
relative to a containment equipped only with an air-convection annulus and an external
moat. The heat transfer rate to the internal pool is very effective in the early stages of the
transient, when it reaches values of 20 MW. During the peak pressure period, the heat
transfer rate to the internal pool is approximately 10 MW.
The pressure rise in the containment is also limited by storage in structural concrete and
miscellaneous metal sinks. The storage in concrete sinks can be substantial, as was
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calculated by Forsberg et al. [1989, p. 11-65]. The pressure-limiting contribution of
internal concrete sinks was considered in all GOTHIC calculations.
The preliminary studies of pressure-limiting features described above showed the
feasibility of passive heat rejection from a large rating PWR containment. However,
more detailed modeling and in-depth verification of the GOTHIC code logic had to be
done before the heat rejection ability of the proposed containment could be reliably
predicted. Their combined heat transfer capabilities, as evaluated in overall heat rejection
studies using GOTHIC, shows that passive heat rejection from a large rating PWR is
feasible. A larger, yet still realistic, containment with these features incorporated into its
design is proposed in chapter 7. The performance of the proposed containment is
discussed in chapter 8.
9.1.3. The Moat Experiment
A moat experiment apparatus was constructed that allowed the evaluation of the heat
transfer coefficient to the moat included in the proposed passively cooled containment
design. Figure 9.7 shows the experimental setup. Data were taken in the expected range
of operation of the moat. The experimental heat transfer coefficient, displayed in figure
9.8, is in good agreement with the vertical flat plate heat transfer coefficient determined
at Toshiba by Kataoka et al. [1992].
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The GOTHIC heat transfer coefficient predicted during a LOCA run was compared to
that predicted by the Kataoka correlation; figure 9.9 shows the two curves. The turbulent
flat plate convection correlation included in GOTHIC underpredicts the heat transfer
coefficient to the moat. Consequently, GOTHIC code heat rejection predictions are
conservative. However, since the coefficient predicted by GOTHIC is more than 30 %
smaller than that determined experimentally, this conservatism is significant and leads to
the design of an unnecessarily large moat. The incorporation of an improved heat transfer
coefficient correlation (i.e., the Kataoka correlation) into the GOTHIC code logic would
yield more adequate best estimate predictions, and would permit a more proper sizing of
the moat.
The thermal layering observed during the moat experiment test and the Toshiba test leads
to an important conclusion: the fact that the pool performance is tightly coupled to in-
containment axial temperature distribution confirms that mixing inside the containment is
essential for the moat to meet its heat removal function. In a thermally-stratified scenario,
on the lower cold part of the moat there is a decrease in the two factors that determine the
heat flux: the temperature difference between shell and moat, and the heat transfer
coefficient. If shell temperatures are low, both the shell-to-moat temperature difference
and the heat transfer coefficient are small, and hence the heat rejection capability is
retarded.
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9.1.4 The Thermal-stratification Experiment
The issue of thermal-stratification is essential in predicting the behavior of a passively
cooled containment. For the proposed containment, a thermally-stratified containment
atmosphere reduces the effectiveness of the internal pool as a heat sink and that of the
external moat as a heat rejection feature. The ability of the GOTHIC code to model the
occurrence of thermal-stratification, and properly evaluate in-containment mixing is,
therefore, essential for this research.
A thermal-stratification experiment was used to collect data that describe the occurrence
and development of thermal-stratification in a simple steel shell volume. Figure 9.10
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shows the experimental setup, which was developed and used by Prof. Griffith as a
mechanical engineering laboratory apparatus. A new GOTHIC model was prepared that
is able to better predict the phenomena involved in thermal-stratification. The most
important of these phenomena is the downward flow of the cold depleted steam/air
mixture along the steel shell; figure 9.11 illustrates this phenomenon. As steam is
released in the containment and natural circulation develops, a boundary layer forms
along the cold steel shell. Heat transfer to the steel shell occurs through convection and
condensation. The code's ability to properly model the flow of cold air along the steel
shell is therefore essential in determining heat transfer through the shell. Furthermore,
the cold steam-depleted mixture that flows along the shell can accumulate at the bottom
of the containment, and, in the absence of significant mixing, the containment atmosphere
can stratify.
To more accurately model these phenomena, each large near-wall node of a conventional
GOTHIC input deck (larger than 3 m wide), was replaced with a narrow node (25 to 50
cm) that covers the boundary layer and extends a short distance, if any, into the bulk of
the steam-air mixture. Such a near-wall cell is shown in figure 9.12; the narrow wall-cell
model was named the boundary layer (BL) model. Because the boundary layer steam-air
mixture is colder and heavier, the velocity in the boundary layer is higher than in the bulk
of the mixture. The velocity of the steam-air mixture in these narrow near-wall cells is
therefore a better representation of the actual boundary layer velocity, i.e., the actual flow
along the cold steel shell. This leads to a higher flow rate of the cold mixture, and thus a
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more rapid accumulation of colder mixture at the bottom of the containment, which can
lead to thermal stratification. The BL model thus improves the flow calculation along the
shell, but because the near cell-wall cells are colder than in the conventional model, the
calculation of heat transfer through the shell is affected.
In a conventional model, the near-wall cell properties are approximately equal to the bulk
properties of the steam-air mixture, because the boundary layer is only a small volume
fraction of the entire cell; for example, Tee, -= Tbulk. Given that heat transfer correlations
for convection and condensation are based on bulk properties, the conventional model
yields accurate results regarding convection and condensation heat transfer along the
shell. In the BL model, the cell average properties are a weighted value between the bulk
and the boundary layer; for example, the cell average temperature is lower than the bulk
temperature, i.e., Tcel,conventional Ž Tcell,BL. The BL model thus underestimates convective
heat transfer rates to the steel shell.
To correct the underprediction of convective heat transfer in the BL model, the heat
transfer coefficient was adjusted to compensate for the lower cell-to-wall temperature
difference using an algorithm developed for this purpose. For example, in a cell that that
is only as narrow as the boundary layer, the heat transfer coefficient was doubled. As
seen in figure 9.13, the agreement obtained between experimental data and GOTHIC code
BL model predictions is good, especially since the adjustment of the heat transfer
coefficient does not create problems associated with other non-bulk-value properties.
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Because all property values are affected by cell-width selection (since in the BL model
they are boundary-layer-average properties, whereas in the conventional model they are
bulk properties), the concentration of non-condensables is overestimated by the BL
model. The BL model computations of higher concentrations of noncondensables near
the wall, cause the code to underestimate the condensation rate. Given the current
GOTHIC code logic, there are no means of changing the computed condensation heat
transfer coefficient. Therefore, all calculations were made with the unaltered best-suited
correlation available, i.e., the Gido-Koestel correlation. It is important to note that the
underestimation of condensation heat transfer rates at the shell is conservative in
containment calculations.
The boundary layer model discussed above does thus show good agreement with
experimental data, but its limitations have to be recognized. It is important to note that as
long as semi-empirical correlations based on bulk properties are used for wall heat
transfer, there are no other alternatives that permit the proper modeling of thermal-
stratification. While the boundary cell model provides an acceptable solution for the
preliminary design work of this thesis, the development of correlations based on
boundary layer properties or finite difference solutions is recommended for best estimate
analyses.
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9.1.5. The Proposed Containment Design
The most important design limits that have to be imposed on containment performance
are the design pressure and temperature limits required by the NRC. [USNRC, 1987;
10CFR50 App. A, Criterion 50] Furthermore, the containment pressure is required to be
restored to half-design value within a 24 hour period. The NRC requirements only cover
a 24 hour period after an accident. The proposed containment was subjected to a longer
term -- 3 days -- evaluation in accordance with EPRI's requirements for passive systems
of advanced power reactors [EPRI, 1987].
The passive features can either replace or augment the heat rejection achieved by active
means in currently operating reactors. The inclusion of active systems in a containment
that can be cooled by entirely passive means is recommended because the containment
conditions can be restored to near-normal levels faster if electric power is available. The
passive systems can, however, decrease costs by lowering the redundancy and diversity of
active containment cooling systems, and by changing the equipment qualification criteria
for these active systems.
Figure 9.14 shows the proposed passively cooled containment, and the noding scheme
used for the final GOTHIC runs. The containment has a greater than 150,000 m3 free
volume, which is more than twice that of the Waterford 3 containment, but which is
comparable to those of the EPR and System 80+ containments. Thus, its constructability
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is still assured. The compartment volumes, in-containment heat sinks and flowpaths were
described to complete the definition of the proposed containment. There are
approximately 760 m3 of steel (not including the 360 m3 of the steel shell) and 7,670 m3
of concrete in the proposed containment; these values are consistent with the heat sinks of
the Waterford 3 containment. The internal pool added 8,300 m3 of water to the in-
containment heat sinks.
Finally, the proposed containment is equipped with catalytic recombiners to mitigate the
consequences of a beyond design bases accident that involves the release of hydrogen.
There are 48 recombiners in the dome region, 4 recombiners in equipment rooms, and 4
recombiners in fan cooler rooms.
9.1.6. The Performance of the Proposed Containment
The final GOTHIC performance predictions were preceded by preliminary code
verification steps. The code verification was twofold: verification of the code logic, and
verification of code input models. The verification of input models focused on the choice
of lumped- and/or distributed- parameter use, heat sinks, flow paths, and hydrogen
recombiners. The steel shell was modeled using a single distributed-parameter volume.
Mesh size convergence was demonstrated by using a 248 node model and a 378 node
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model. It is important to note that the finer meshing yielded higher peak pressure
predictions than the coarser meshing, but the relatively small peak pressure difference
(less than 4 psi (30 kPa)) obtained from these two runs indicates that mesh-size
convergence has been nearly achieved.
Heat sinks were modeled conservatively, i.e., only major heat sinks were input and they
were positioned at the lowest plausible position. Hydrogen recombiners were modeled in
the dome and in separate compartments (i.e., equipment rooms and fan cooler rooms); a
conservative 50 % constant recombination efficiency (i.e., half the hydrogen moles
passing through the recombiner are consumed) was input, and the flow through the
recombiners was calculated without taking credit for any buoyancy effect due to the
exothermic recombination reaction.
The most important step in the verification of the GOTHIC code was the assessment of
the code's ability to properly model phenomena that are important to the overall
containment performance; table 9.5 lists the phenomena that were investigated during this
research. The elevation and form of steam release are two such factors. Because the hot
steam is less dense than the air, a high release elevation is more conducive to thermal
stratification, and thus retards the heat rejection to the low-lying moat, and the heat
storage in low-elevation sinks. For conservatism, the breaks were located at the highest
plausible elevation for both the LOCA and the MSLBA runs. A jet directly imparts
momentum to the surrounding air and forces containment atmosphere mixing. A plume
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Table 9.5 Phenomenological Conclusions for
Distributed Parameter Containment Analyses Using GOTHIC
Phenomenon Conclusions Recommendations for Code
Logic Modifications
Steam release * highest plausible release location should be input
* lowest momentum release configuration should
be input
Asymmetry * pie section models can be used where no
significant asymmetries exist
Boundary * near-wall cells should be narrow enough to model * boundary layer finite
layer flow the boundary layer flow difference models
* boundary layer finite difference models should be should be developed for
developed for convective heat transfer and flow condensation heat
transfer
is less effective for mixing because it only acts by entrainment. However, a low-level
plume release location entrains the surrounding air over a long path, which minimizes the
potential for thermal stratification (as discussed in chapter 6). For conservatism, the
largest plausible break size was used in both the LOCA and MSLBA input decks, which
led to plume releases throughout most of each transient.
The run time optimization process dictated that a pie section of the containment must be
modeled to allow a sufficiently fine nodalization and maintain acceptable run times.
Because the proposed containment configuration has no asymmetries, the break location
dictates what containment model representation can be used. The LOCA break is
relatively centered, so an eighth-pie model representation is adequate. The MSLBA
break is located in the vicinity of the steam generator compartment and is therefore a
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source of asymmetry. A half-section model was input to account for this asymmetry.
The half-section model does not permit the fine nodalization that can be used in an
eighth-pie-section model. The MSLBA accident scenario was run using both a coarser
half-section model and the finer eighth-pie section model. The good agreement (less than
30 kPa, i.e., less than 10 % of peak pressure) obtained between predictions from these
two runs, indicates that symmetry-sections can be used with accurate results if the
asymmetry does not significantly affect phenomena that are important to the overall
containment behavior.
The boundary layer model that was introduced to properly model the flow of the cooler
steam-depleted mixture along the containment shell was also verified. As can be seen
from figure 9.15, the temperature histories obtained for the MSLBA from the
conventional model and the boundary layer model showed a noticeable difference in axial
temperature gradient. The boundary layer model shows a more pronounced axial
temperature gradient, and thus is more conservative in estimating heat rejection to the
moat and storage in low-lying sinks. It is important to reiterate that the boundary layer
model is only an approximation, and that a modification of the GOTHIC code logic that
properly computes convection and condensation at the wall is necessary to ensure that the
transfer to the environment is properly computed.
The final LOCA and MSLBA runs showed the peak pressures remain under design limits
throughout both transients; figures 9.16a and 9.16b show the peak LOCA pressure is 0.37
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Figure 9.16 GOTHIC LOCA and MSLBA pressure predictions for the upper containment
region and the equipment room
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MPa and the peak MSLBA pressure is 0.39 MPa. The peak pressures drop to below half
the design value within 24 hours after the initiation of each transient. The peak
temperatures in various regions of the containment are in the range of equipment
qualification temperatures. The LOCA energy storage and removal curves shown in
figure 9.17, show that the combination of heat sinks and heat removal features is well
suited to limit the pressure rise both during the blowdown and the decay heat peak
periods, and to restore the containment pressures. The energy removal curves, and the
fact that the conventional and BL models only differ by 25 kPa in LOCA peak pressure
prediction, indicate that the increased axial temperature gradient obtained in the
containment using the BL model (specifically a top to bottom temperature difference of
nearly 50 0C during the peak pressure period, compared to 420 C for the conventional
model), does not significantly affect the pressure-limitation capability of the containment.
There is another important conclusion that can be drawn by comparing the energy
released into the containment during the LOCA and the total storage/removal rate: the
good match between the two rates in the later period of the transient shows that the
proposed containment is not over-designed.
Finally, the GOTHIC code was used to evaluate the performance of the proposed
containment during a LOCA accident that leads to core degradation and the consequent
release of hydrogen into the containment; predictions were obtained for a containment
with no provisions for hydrogen control and one equipped with recombiners. The initial
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Figure 9.18 Hydrogen distribution during a LOCA with hydrogen recombiners
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run without recombiners showed that even in a large free volume such as that of the
proposed containment, a conservative hydrogen release scenario can lead to combustible
concentrations of hydrogen. Figure 9.18 shows that when hydrogen recombiners are
incorporated into the design, they are effective in maintaining hydrogen concentrations
below combustible limits throughout a three day transient.
9.2 Recommendations for Future Work
This research has opened avenues for future research in two directions. The first
direction is the optimization of the proposed passive containment for a large rating PWR,
and the second is further code development for distributed parameter containment
analysis.
Containment design optimization would involve increasing the effectiveness of the
pressure-limiting features incorporated into this design. One goal of obvious interest
would be reducing free volume. The inside of the containment can be modified to divert
the downflow of cold air to prevent creating a cold curtain along the shell; for example,
horizontal fins can be added to trip the flow. Grooving can also be used to decrease the
effect of noncondensables on condensation. More attention is also needed to the subject
of paint (used on both the interior and exterior to protect the steel shell) since a 4 mil
organic film has equivalent thermal resistance to 2 inches of carbon steel. (Note that the
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effect of increased resistance through the shell due to paint was considered in the final set
of GOTHIC runs reported in this work.) The optimized design has to then be subjected to
an in-depth structural mechanics investigation, with special emphasis on the effect of the
moat on the steel shell.
The convection annulus can improved by adding fins and/or by roughening, which can
increase the convection heat transfer rate. Convection to the external pool can similarly
be increased by surface modification. This may enable reducing the moat depth from its
current unwieldy 30 m. The internal pool water can be distributed between several tanks
having tall metal side walls (again, perhaps with grooving), which would limit the early
pressure rise by increasing the condensation site area for steam released during the
blowdown. The internal pool could also be used as a directed blowdown volume in
conjunction with the automatic depressurization systems proposed for advanced PWRs.
This would operate similarly to the BWR suppression pool, which has been demonstrated
effective for early pressure control.
The code development for subdivided volume analyses will have to be substantial before
accurate best estimate analyses can be performed. The current research has incorporated
a series of conservative assumptions to verify the feasibility of passively cooling a large
rating PWR. However, some of these assumptions did probably result in a significant
over-design, which would make the proposed containment unnecessarily costly. The
three most important items of code logic that need to revised are:
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* heat transfer calculations on the inside of the shell (both condensation and
convection), to allow the proper simultaneous solution of flow along the shell and
heat transfer rate -- this can be accomplished by developing a multi-field finite
difference solution, or, correlations based on boundary layer properties;
* heat transfer calculations to the external moat, to obtain best estimate heat rejection
rates, which would permit resizing of the moat for a more realistic and less expensive
configuration -- this can be done by developing a proper moat heat transfer
calculation model, if possible, or making the necessary adjustments to code logic; and
* hydrogen recombination models, to obtain better estimates of hydrogen recombination
rates and, consequently, better hydrogen distribution estimates -- this can be done by
incorporating a routine that determines flow through the recombiner based on flow
fields determined by the code, and a recombiner efficiency correlation based on the
composition of the flow into the recombiner.
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APPENDIX A.
REFERENCE CONTAINMENT RUN
The attached tables are the GOTHIC input deck for the eighth-pie section of the
containment employing the boundary layer cell model. The input variables are self-
explanatory, and follow the format and instructions in the GOTHIC Users Manual
[George, 1991]. The special modeling techniques that went into the preparation of this
input deck are described in chapters 7 and 8 of the thesis. The full deck is that used for
the LOCA scenario. The break mass and energy functions for the MSLBA are attached at
the end of the LOCA input deck.
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3D Voli•ces - Volume Is
Koninal Values - Vertical
Chan. Area Ver. Flow Hya. D. Loss De-ant. Vari.
i (ft2) Ar. (ft2) (ft) Coe ff. Factor Table
1 34.1 34.1 1000. 0. 0. YES
2 255.6 255.6 1000. 0. 0. YES
3 174.9 174.9 1000. 0. 0. YES
4 193.9 193.9 11000. 0. 0. YES
5 47.4 47.4 1000. 0, o. YES
6 6.6 6.6 0.788 0. 0. YES
7 34.1 34.1 1000. 0. 0. YES
9 255.6 255.6 1000. 0. 0. YES
9 174.9 174.9 1000. 0. 0. YES
10 193.9 193.9 1000. 0. 0. YES
11 47.4 47.4 1000. 0. 0. YES
12 6.6 6.6 0.788 0. 0. YES
13 34.1 34.1 1000. 0. 0. YES
14 255.6 255.6 1000. 0. 0. YES
15 174.9 174.9 1000. 0. 0. YES
16 193.9 193.9 1000. 0. 0. YES
17 47.4 47.4 1000. 0. 0. YES
18 6.6 6.6 0.788 0. 0. YES
19 34.1 34.1 1000. 0. 0. YES
20 255.6 255.6 1o00. 0. 0. YES
21 174.9 174.9 1000. 0. 0. YES
22 193.9 193.9 1000. 0. 0. YES
23 47.41 47.4 1000. 0. 0. YES
24 6.6 6.6 0.788 0. 0. YES
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3D Vo lune4a - Vo luzne Is
Vertical Kocinq
Bottom Height
Level El. (ft) (ft)
1 0.01 5.
2 5. 5.
3 10. 6.4
4 16.4 16.4
s 32.8 13.1
6 45.9 36.1
7 82. 26.3
8 108.3 9.8
9 118.1 16.4
10 134.5 16.4
11 150.9 16.4
12 167.3 16.4
13 183.7 29.5
14 213.3 39.4
3D Volumes - Volume Is
Vertical Variation - Channel 1
Area Ver. Flow Kya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 34.1 34.1 1000. 0. 0.
2 34.1 34.1 1000. 0. 0.
3 34.1 34.1 1000. 0. 0.
4 0. 0. 1009. 0. 0.
5 0. Q. 1000. 0. 0.
6 0. 0. 1000. 0. 0.
7 34.1 34.1 1000. 0. 0.
8 34.1 34.1 1000. 0. 0.
9 34.1 34.1 1000. 0. Q.
10 34.1 34.1 1000. 0. 0.
11 34.1 34.1 1000. 0. 0.
12 34.1 34.1 1000. 0. 0.
13 34.1 34.1 1000. 0. 0.
14 34.1 34.1 1000. 0. Q.
3D Volumes - Volume sl
Vertical Variation - Channel 2
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) cft) coeff. Factor
1 482.2 492.2 1000. 0. 0.
2 482.2 482.2 1000. 0. 0.
3 482.7 482.2 1000. 0. 0.
4 10.4 106.4 1000. 0.
5 106.4 106.4 1000. 0. 0.
6 106.4 106.4 1000. 0. 0.
7 106.4 106.4 1000. 0. 0.
8 429.7 429.7 1000. 0. 0.
9 429.7 429.7 1000. 0. 0.
10 256.3 256.3 1100. 0. 0.
11 256.3 256.3 1000. 0. 0.
12 256.3 256.3 1000. 0. Q.
13 256.3 256.3 1000. 0. 0.
14 159.8 159.9 1000. 0. 0.
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3D Volumes - Volu.e Is
Vertical Variation - Channel 4
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 24.1 24.1 1000. 0. 0.
2 24.1 24.1 1000. 0. 0.
3 24.1 24.1 1000. 0. 0.
4 193.9 193.9 1000. 0. 0.
5 193.9 193.9 1000. 0. 0.
6 193.9 193.9 1000. 0. 0.
7 193.9 193.9 1000. 0. 0.
8 193.9 193.9 1000. 0. 0.
9 193.9 193.9 1000. 0. 0.
10 193.9 193.9 1000. 0. 0.
11 193.9 193.9 1000. 0. 0.
12 193.9 193.9 1000. 0. 0.
13 121.4 121.4 1000. 0. 0.
14 46.6 46.6 1000. 0. 0.
3D Volunes - Volu.e Is
Vertical Variation - Channel 5
Area Ver. Flow Hya. D. Loss De-mIt.
Level (ft2) Ar. (ft2) (rt) Caeff. Facmor
1 24.1 24.1 1000. 0. 0.
2 241 24.1 1000. 0. 0.
3 24.1 24.1 1000. 0. Q.
4 48.2 48.2 1000. 0. 0.
5 131.2 191.2 1000. G. 0.
6 181.2 181.2 1000. 0. 0.
7 181.2 181.2 1000. 0. 0.
a 181.2 181.2 1000. 0. 0.
9 181.2 181.2 1000. 0. 0.
10 47.4 47.4 1000. 0. Q.
11 47.4 47.4 1000. 0. 0.
12 47.4 47.4 1000. 0. 0.
13 41.1 41.1 1000. 0. 0.
14 30.1 30.1 1000. 0. Q.
•-- I I I I I I
3D Volu.es - Volume ls
Vertical Variation - Channel 3
Area Ver. Flow Hya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft } Coeff. Factor
1 0. 0. 1000. 0. 0.
2 0. 0. 1000. 0. 0.
3 0. 0. 1000. 0. 0.
4 174.9 174.9 1000. 0. 0.
S 299. 299. 1000. 0. 0.
6 299. 299. 1000. 0. 0.
7 299. 299. 1000. 0. 0.
8 299. 299. 1000 a 0. 0.
9 299. 299. 1000. 0. 0.
S 10 174.9 174.9 1000. 0. Q.
11 174.9 174.9 1000. 0. 0.
12 174.9 174.9 1000. 0. 0.
13 174.9 174.9 1000. 0. 0.
14 24.6 42.6 1000. 0. a.
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3D Vollmes - Volume Il
Vertical Variation - Channel 7
Area Ver. Flow Hya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 34.1 34.1 1000. 0. 0.
2 34.1 34.1 1000. 0. 0.
3 34.1 34.1 1000. 0. Q.
4 0. 0. 1000. 0. 0.
5 0. 0. 1000. 0. 0.
6 0. 0. 1000. 0. Q.
7 34.1 34.1 1000. 0. Q.
8 34.1 34.1 1000. 0. Q.
9 34.1 34.1 1000. 0. 0.
10 34.1 34.1 1000. 0. a.
11 34.1 34.1 1000. 0. 0.
12 34.1 34.1 1000. 0. 0.
13 34.1 34.1 1000. 0. 0.
14 34.1 34.1 1000. Q. 0.
3D Volwurs - Volu•Lm l
Vertical Variation - Channel 8
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 481.5 481.5 1000. 0. 0.
2 481.5 481.5 1000. 0. 0.
3 481.5 481.5 1000. . 0.
4 255,6 255.6 1000. 0. 0.
5 193.1 193.1 1000. 0. 0.
6 193.1 193.1 1000. 0. 0.
7 193.1 193.1 1000. Q. 0.
8 193.1 193.1 1000. 0. 0.
9 193.1 193.1 1000. 0. Q.
10 255.6 255.6 1000. 0. 0.
11 255.6 255.6 1000. 0. 0.
12 255.6 255.6 1000. 0. Q.
13 255.6 255.6 1000. 0. Q.
14 159.8 159.9 1000. 0. 0.
3D Volures - Volu.e ls
Vertical Variation - Channel 6
Area Ver. Flow Hya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 6.6 6.6 0.788 0. 0.2 6.6 6.6 0.788 0. 0.
3 6.6 6.6 0.788 0. 0.
4 6.6 6.6 0.788 0. Q.
S 6.6 6.6 0.788 0. 0.
6 6.6 6.6 0.788 0. 0.
7 6.6 6.6 0.788 0. 0.
8 6.6 6.6 0.788 0. 0.
9 6.6 6.6 0.788 0. 0.
10 6.6 6.6 0.788 0. 0.
11 6.6 6.6 0.788 0. 0.
12 6.6 6.6 0.788 0. 0.
13 6.1 6.1 0.788 0. 0.
14 4.2 4.2 0.788 0. 0.
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3D Volumes - Volu.e sl
Vertical Variation - Channel 10
Area Ver. Flow Hya. D. Loss De-ent.
Le7el (ft2) Ar. (ft2) (ft) Coeff. Factor
1 24. 24. 1000. 0. 0.
2 24. 24. 1000. 0. 0.
3 24. 24. 1000. 0. 0.
4 193.9 193.9 1000. 0. 0.
5 128.4 128.4 1000. 0. 0.
6 128.4 128.4 1000. 0. 0.
7 128.4 128.4 1000. 0. 0.
8 128.4 128.4 1000. 0. 0.
9 128.4 128.4 1000. 0. 0.
10 193.9 193.9 1000. 0. 0.
11 193.9 193.9 1000. 0. 0.
12 193.9 193.9 1000. 0. 0.
13 193.9 193.9 1000. 0. 0.
14 42.6 42.6 1000. 0. 0.
3D Volnes - Voluwe Is
Vertical Variation - Channel 11
Area Ver. Fiow Kya. D. Loss Do-ent.
Level (st2) Ar. (ft2) (ft) Coeff. Factor
1 24. 24. 1000. 0. 0.
2 24. 24. 1000. 0. 0.
3 24. 24. 1000. 0. 0.
4 47.4 47.4 100-. Q. 0.
E 196. 196. 1000. 0. 0.
6 196. 196. 1000. 0. 0.
7 241. 241. 1000. 0. 0.
8 241. 241. 1000. 0. 0.
9 241. 241. 100A . 0. 0.
10 47.4 47.4 1000oa. 0. 0.
11 47.4 47.4 1000. 0. 0.
12 47.4 47.4 1000. 0. 0.
13 47.4 47.4 1000. 0. 0.
14 30.1 30.1 1800. 0. 0.
3D Volumes - Volume ls
Vertical Variation - Channel 9
Area Ver. Flow Hya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 0. 0. 1000. 0. Q.
2 0. 0. 1000. 0. 0.
3 0. 0. 1000. 0. 0.
4 174.9 174.9 1000. 0. 0.
5 128.4 128.4 1000. 0. 0.
6 128.4 128.4 1000. 0. 0.
7 128.4 129.4 1000. o. 0.
f 128.4 128.4 1000. 0. 0.
9 128.4 128.4 1000. 0. Q.
10 174.9 174.9 1000. Q. Q.
11 174.9 174.9 1000. Q. 0.
12 174.9 174.9 1000. 0. 0.
13 174.9 174.9 1000. 0. 0.
14 42.6 42.6 1000. 0. 0.
__
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3D VoluLes - Volu.e Is
Vertical Variation - Channel 12
Area Ver. Flow Hya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 6.6 6.6 0.788 0. Q.
2 6.6 6.6 0.788 0. Q.
3 6.6 6.6 0.788 0. 0.
4 6.6 6.6 0.789 0. Q.
S 6.6 6.6 0.788 0. 0.
6 6.6 6.6 0.798 0. 0.
7 6.6 6.6 0.788 0. 0.
9 6.6 6.6 0.788 0. 0.
10 6.6 6.6 0.788 0. 0.
11 6.6 6.6 0.788 0. Q.
12 6.6 6.6 0.788 0. a.
13 6.6 6.6 0.788 0. Q.
14 4.2 4.2 0.788 0. 0.
3D Volume.s - Volu.e Is
Vertical Variation - Channel 13
Area Ver. Flow Hya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 34.1 34.1 1000. 0. 0.
2 34.1 34.1 1000. 0. a.
3 34.1 34.1 1000. 0. 0.
4 0. 0. 1000. 0. 0.
S 0. 0. Ioa . a. 0.
6 0. 0. 10000.Q. 0.
7 34.1 34.1 1000. 0. Q.
9 34.1 34.1 1000. 0. 0.
9 34.1 34.1 1000. 0. 0.
10 34.1 34.1 1000. 0. 0.
11 34.1 34.1 1000. 0. 0.
12 34.1 34.1 1000. 0. 0.
13 34.1 34.1 1000. o. 0.
14 34.1 34.1 1000. 0. 0.
3D Voluaes - Volu.a Is
Vertical Variation - Channel 14
Area Ver. Flow Hya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Faator
1 481.5 481.5 1000. 0. 0.
2 481.5 481.5 1000. 0. 0.
3 491.5 48111.2 1000. 0. Q.
4 255.6 255.6 1000. 0. 0.
5 80.4 80.4 1000. 0. 0.
6 80.4 80.4 1000. 0. 0.
7 80.4 80.4 1000. Q. a.
8 80.4 80.4 1000. 0. 0.
9 80.4 80.4 1000. 0. 0.
10 255.6 255.6 1000. Q. G.
11 255.6 255.6 1000. 0. Q.
12 2E55.6 255.6 1000. 0. 0.
13 255.6 255.6 1000. 0. 0.
14 159.9 159.9 1000. Q. 0.
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3D Volwues - VoluwAe Is
Vertical Variation - Channel 16
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 24. 24. 1000. 0. 0.
2 24. 24. 1000. 0. 0.
3 24. 24. 1000. 0. 0.
4 193.9 193.9 1000. 0. 0.
5 72.5 0. 1000. 0. 0.
6 72.5 72.5 1000. 0. 0.
7 27.6 27.6 1000. 0. 0.
8 27.6 0. 1000. 0. 0.
9 27.6 27.6 1000. 0. 0.
10 193.9 Q. 1000. 0. Q.
11 193.9 193.9 1000. 0. 0.
12 193.9 193.9 1000. 0. 0.
13 121.36 121.36 1000. 0. 0.
14 46.6 46.6 1000. 0. Q.
3D Volu.as - Volu.m Is
Vertical Variation - Channel 17
Area Ver. Flow Hyd. D. Loss De-ent.
Level (Et2) Ar. (ft2) (ft) Caeff. Factor
1 24. 24. 1000. 0. 0.
2 24. 24. 1000. 0. 0.
3 24. 24. 1000. 0. 0.
4 47.4 47.4 1000. 0. 0.
5 80.4 Q. 1000. 0. 0.
6 80.4 80.4 1000. 0. 0.
7 37.1 37.1 1000. 0. 0.
8 37.1 0. 1000. 0. 0.
9 37.1 37.1 1000. 0. 0.
10 47.4 0. 1000. 0. a.
11 47.4 47.4 1000. 0. 0.
12 47.4 47.4 1000. 0. 0.
13 47.4 47.4 1000. 0. 0.
14 30.1 30.1 1000. 0. 0.
3D VOlul.m - Volume ls
Vertical Variation - Channel 15
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 0. 0. 1000. Q. 0.
2 0. 0. 1000. 0. 0.
3 0. 0. 1000. 0. 0.
4 174.9 174.9 1000. 0. 0.
5 33.3 33.3 1000. 0. O.
6 33.3 33.3 1000. 0. 0.
7 55.8 55.8 1000. Q. 0.
8 55.8 55.8 1000. 0. 0.
9 55.8 55.8 1000. 0. 0.
10 174.9 174.9 1000. o. 0.
11 174.9 174.9 1000. 0. 0.
12 174.9 174.9 1000. 0. 0.
13 174.9 174.9 1000. 0. 0.
14 42.6 42.6 1000. 0. 0.
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3D Volwrus - Volwme Is
Vertical Variation - Channel 19
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 34.1 34.1 1000. 0. 0.
2 34.1 34.1 1000. 0. 0.
3 34.1 34.1 1000. 0. 0.
4 0. 0. 1000. 0. Q.
5 0. 0. 1000. 0. Q.
6 Q. 0. 1000. 0. 0.
7 34.1 34.1 1000. 0. 0.
9 34.1 34.1 1000. 0. Q.
9 34.1 34.1 1000. 0. 0.
10 34.1 34.1 1000. 0. 0.
11 34.1 34.1 1000. 0. 0.
12 34.1 34.1 1000. 0. 0.
13 34.1 34.1 1000. 0. 0.
14 34.1 34.1 1000. 0. 0.
3D VolL~su - Volume ls
Vertical Variation - Channel 20
Area Ver. Flow Hyd. D. Loss De-ent.
Level (t:2) Ar. (ft2) (ft) Co~ff. F&Ptor
1 481.5 481.5 1000. 0. Q.
2 481.5 481.5 1000. o. Q.
3 481.5 491.5 1000. 0. 0.
4 255.6 255.6 1000. 0. 0.
5 90.4 80.4 1000. 0. a.
6 80.4 80.4 1000. 0. 0.
7 80.4 80.4 1000. 0. 0.
8 80.4 80.4 1000. 0. Q.
9 80.4 80.4 1000. 0. 0.
10 255.6 255.6 1000. 0. a.
11 255.6 255.6 1000. 0. Q.
12 255.6 255.6 1000. 0. Q.
13 255.6 255.6 1000. 0. a.
14 159.8 159.8 1000. 0. 0.
3D Valirnes - Volume rl
Vertical Variation - Channel 18
Area Ver. Flow Kya. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coerff. Factor
1 6.6 6.6 0.788 0. 0.
2 6.6 6.6 0.788 0. 0.
3 6.6 6.6 0.788 Q. 0.
4 6.6 6.6 0.788 0. 0.
5 6.6 0. 0.788 0. 0.
6 6.6 6.6 0.788 Q0. .
7 6.6 6.6 0.788 0. 0.
9 6.6 0. 0.788 Q. Q.
9 6.6 6.6 0.788 0. 0.
10 6.6 0. 0.788 0. 0.
11 6.6 6.6 0.788 0. Q.
12 6.6 6.6 0.788 0. 0.
13 6.6 6.6 0.788 0. 0.
14 4.2 4.2 0.788 0. 0.
EIGHTH MODEL LOCA
10:2254 27-JUL-95
GOTHIC Version 3.4 - April 1991
3D Volwne - Voluue Is
Vertical Variation - Channel 22
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) CDeff. Factor
1 24. 24. 1000. 0. 0.
2 24. 24. 1000. 0. O.
3 24. 24. 1000. 0. 0.
4 193.9 193.9 1000. 0. 0.
5 43.6 0. 1000. 0. Q.
6 43.6 43.6 1000. 0. 0.
7 13.5 13.5 1000. 0. a.
8 13.E 0. 1000. 0. 0.
9 13.5 13.5 1000. 0. 0.
10 193.9 0. 1000. 0. a.
11 193.9 193.9 1000. 0. 0.
12 193.9 193.9 1000. 0. 0.
13 121.4 121.4 1000. 0. 0.
14 46.6 46.6 1000. 0. 0.
3D Vall44u - Volmaue 19
Vertical Variation - Channel 23
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) At. (ft2) (ft) C5eT6. Fetebr
1 24. 24. 1000. 0. 0.
2 24. 24. 1000. 0. 0.
3 24. 24. 1000. 0. 0.
4 47.4 47.4 1000. 0. 0.
5 73.7 0. 1000. O. 0.
6 73.7 78.7 1000. 0. 0.
7 35.2 35.2 1000. 0. 0.
8 35.2 0. 1000. 0. Q.
9 35.2 35.2 1000. 0. 0.
10 47.4 0. 1000. 0. Q.
11 47.4 47.4 1000. 0. 0.
12 47.4 47.4 100. 0. 0. O.
13 41. 41. 1000. 0. 0.
14 30.1 30.1 1000. 0. .
3D VQ41wnei - Volume lI
Vertical Variation - Channel 21
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coe ff. Factor
1 0. 0. 1000. 0. 0.
2 0. 0. 1000. 0. 0.
3 0. 0. 1000. 0. 0.
4 174.9 174.9 1000. 0. 0.
5 33.3 33.3 1000. 0. Q.
6 33.3 33.3 1000. 0. 0.
7 55.9 55.8 1000. Q. 0.
8 55.8 55.8 1000. Q. 0.
9 55.8 55.8 1000. 0. 0.
10 174.9 174.9 1000. 0. Q.
11 174.9 174.9 1000. 0. Q.
12 174.9 174.9 1000. 0. a.
13 174.9 174.9 1000. 0. 0.
14 42.6 42.6 1000. 0. a.
ýG2
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3D Volu"aga - Volu.e Is
Vertical Variation - Channel 24
Area Ver. Flow Hyd. D. Loss De-ent.
Level (ft2) Ar. (ft2) (ft) Coeff. Factor
1 6.6 6.6 0.788 0. 0.
2 6.6 6.6 0.788 0. 0.
3 6.6 6.6 0.788 0. 0.
4 6.6 6.6 0.788 0. g.
5 6.6 0. 0.798 0. 0.
6 6.6 6.6 0.788 0. 0.
7 6.6 6.6 0.788 0. 0.
9 6.6 0. 0.788 0. 0.
9 6.6 6.6 0.7988 0. 0.
10 6.6 0. 0.788 0. Q.
11 6.6 6.6 0.799 0. 0.
12 6.6 6.6 0. 788 0. 0.
13 6.6 6.6 0.798 0. 0.
14 4.2 4.2 0.799 0. 0.
3 D V lu.ea - V olume I a
Horizontal Variation - Channel 1
Wit h Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor mult. Factor
18.
1.8941.994
18.
1. 894
18.
1.894
0.
Q.
Q.
0.
0.
Q.
1.894
18.
1.994
18.
1.894
19.
18.
1.894
19.
1.894
19.
1.894
15.1.894
1.894
___
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3D Volures - Volume Is
Horizontal Variation - Channel 2
Wiath Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor Muolt. Factor
0.
Q.
0.0Q.a.
0.
Q.
0.
0.
Q.
Q.
0.
Q.
0.
S.
0.
a.
0.
Q.
0.
0.
0.
0.
O.
aQ.
Q.
0.
O.
0.
1
2
2
3
3
4
4
5
7
7
8
9
9
10
10
11
11
12
12
13
13
14
14
L1
L2
L1
L2
LI
L2
L1l
L2
Ll
12
L1
L2
L1
L2
L1
L2
L1
L2
LI
L2
12
Ll
L2
Ll1
L1
L2
65.6
7.34
65.6
7.34
65.6
7.34
37.2
2.86
37.2
2.86
37.2
2.86
37.2
2.86
32.8
13.1
32.8
13.1
36.1
7.1
36.1
7.1
36.1
7.1
36.1
7.1
26.2
6.1
0.
0.
0.
0.
0.
0.
a.
Q.
0.
0.a.
a.
0.
0.
0.
a.
0.
0.
0.
0.
0.
a.
a.
0.
0.
0.
0.
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.1
1.'
1.
1.
1.
1.
1.
1..
0.
0.
0.
0.
a.
0.
0.
0.
Q.
0.
0.
Q.
0.
0.
0.Q.
0.
0.
0.
0.
a.
a.
a.
Q.
0.
0.
a.
3D Volumnm - VoluLe la
Horizontal Variation - Channel 3
Width Loss Dent. Gap Wall
:Level Dir. (ft) Coeff. Factor .ulht. Factor
a.
0.
0.
0.
0.
0.
Q.
0.
0.
a.
a.
0.
0.
0.
0.
0.
a.
0.
0.
0.
a0.
0.
a0.
a.
0.
0.
Q.
0.
1
2
2
3
41
41
51
61
61
7
7
8
9
9
10
10
11
12
12
13
13
14
14
L1
L2L112LI
L2
L1
12
11
L2
L1
L2
L1
L2
LI
L2
L1
L2
Ll
LI
L2
LI
L2
L1
L2
LI
L2
0.
0.
0.
0.
0.
14.7
11.9
11.5
26.2
11.5-
26.2
11.5
26.2
11.5
26.2
14.7
11.9
14.7
11.9
14.7
11.9
14.7
11.9
4.9
8.7
0.
0.
0.
0.
Q.I
0.
0.
0.
0.
a.
0.
0.0.0.Q.
0.
0.-
0.a.
0.
a.
0. I
0.
a.
0.
0.
a.
0.
0.
Q.
0.
0.
0.
0.Q.
0.
0.
0.
0.Q.
Q.
0.
O.
0.
0.
O.
Q.
0.
0.
0.
O.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
I.
I.
1.
1.
1.
I.
1.
I.
1.
1.
I.
1.
1.
I.
1.
1.
1.
1.
--
EIGHTH MODEL LOCA
10:2256 27-JUL-95
GOTHIC Version 3.4 - April 1991
3D Volumnes - Volwune 1j
Horismntal Variation - Channel 4
)•iath Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor :4ult. Factor
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Horizontal Variation - Channel 5
Width Loss Dent. Gap Wall
Level Dir. (ft) CeffE. Factor .ult. Factor
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30 Volwres - Volime Is
Horizontal Variation - Channel 6
Sidtch Loss Dent. Gap wall
Level Dir. (ft) Coeff. ractor :4nlt. FMator
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3D Volurin - Volue Isa
Morirantal Variatin - Channel 8
Width Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor .iult. Factor
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3D Voalires - Val•se Is
Horizontal Variatioa - Channel 9
Width Loss Dent. Gap Wall
Level Dir. (ft) Coatf. Factor tult. Factor
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3D Voluoms - Volu.e l a
Horizontal Variation - Channel 10
Width Loss Dent. Gap Wall
Level Dir. (ft) CoolE. Factor .ult. Factor
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3D Volum"e - Volume Is
Horizontal Variation - Channel 11
Width Loss Dent. Gap Wall
Level Dir. (ft) CofL . Factor )Ilt. Factor
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3D Volumes - Volum.e l
Horizontal Variation - Channel 12
Width Loss Dent. Gap Wall
level Dir. (ft) Coeff. Factor Mult. Factor
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.
0.
1
1
2
2
3
3
4
6
6
7
7
8
9
9
10
10
11
11
12
12
13
13
14
14
LI
L•
Ll
12
LI
L2
LlI
LI
LI
L1
L2
L2
12
Li
L2
12
L212
Ll
L21
L2
L•
LI
L2
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
15.5
0.394
10.7
0.
0.
0.
0.
0.
0.0.
0.
0.
a.
0.
0.
0.
S0.
0.0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
1.
I.
1.
1.
1.
1.
1.
1.
1.
I.
1.
1.
1.
1.
1.
I.
1.
1.
I.
1.
1.
1.
1.
1.
1.
1.
3D Volumes - Volume Is
Horizontal Variation - Channel 13
Width Loss Dent. Gap Wall
Level Dir. (ft) Coe!f. Factor .lalt. Factor
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3D Voluree - Volume la
Horiaontal Variation - Channel 14
Width Loss Dent. Gap Wall
Level Dir. (Ct) Coeff. Factor :eult. Factor
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3D Volumee - Volm.e sl
Horizontal Variation - Channel 15
Width Loss Dent. Gap Wall
Level Dir. (ft) Coa I. Factor MUlt. Factor
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3D Volumes - Volwue sl
Horizontal Variation - Channel 16
Iidth Loss Dent. Gap Nall
Level Dir. (ft) Coeff. Factor :4ult. Factor
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16.7
1.44
16.7
13.1
14.8
14.8
4.9
14.8
4.9
11.5
2.4
11.E
2.4
11.5
2.4
13.1
14.8
13.1
14.8
13.1
14.8
1.2
14.8
4.9
9.5
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0..
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
O.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
0.
O.
0.
0.
0.
O.
0.
0.
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.
0.
0.
O.
0.
0.
O.
0.
0.
0.
0.
0.
0.
O.
a.
3D Volu'aes - Volume Is
Horizontal Variation - Channel 17
Width Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor fublt. Factor
Q.
0.
0.
0.
O.
0.
0.
0.
0.
Q.
0.
O.
0.
0.
0.
Q.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
a.
0.
0.
1
2
2
3
3
4
I
5
6
6
7
7
8
9
9
10
11
11
12
12
13
13
14
24
I2
L2
ilI
L2
LI,
L2
Ll
12
1I
L2I
LI
12
LI
12
LI1
12
I2
12
LI
L2
LI
L2
LI12LI
12
Ll
12
1.44
16.7
1.44
16.7
1.44
16.7
2.89
16.4
9.8
3.2
9.8
8.2
6.5
5.7
6.5
5.7
6.5
5.7
2.19
16.4
2.89
16.4
16.4
2.39
14.2
2.89
10.4
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
a.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.I.
I.
2.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
O.
0.
0.
O.
O.
0.
O.
0.
0.
0.
0.
0.
Q.
0.
0.
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3D Volu i~es - Volume I a
Horizontal Variation - Channel 18
Wiath Loss Dent. Gap 'Wall
Level Dir. (ft) Caeff. Factor :4ult. Factor
1
1
2
2
3
4
4
6
6
7
7
8
8199
10
11
11
12
12
13
13
14
14
Li
L2
LI
L2
Li
L2
Ll
L2
Ll
L2
L1
L2
L1
L2
L1
L2
L1
L2
L1
L2
L1
L2
Ll
L2
LI
L1
Ll
L2
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
15.5
0.394
10.7
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
a.
0.
0.
0.
0.
Q.
Q.
0.
O.
0.
0.
0.
0.
0.
0.
0.
1.
1.
1.
1.
1.
1.
I.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
0.
O.
0.
0.
0.
Q.
a.
0.
0.
Q.
Q.
0.
O.
O.
O.
0.
0.
a.
O.
0.
0.
0.
0.
O.
0.
0.
0.
0.
3D Volumes - Volu.e is
Horizontal Variation - Channel 19
width Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor Mult. Factor
1
2
2
2
3
4
4
6
6
7
7
8
8
9
9
10
10
11
11
12
12
13
13
14
14
Li
LI1
L2
Ll
L2
L1L2
L1
12l L
L2
L1
L2
L1
L2
Li
12
L1L2
Ll1
L2
L1
L2
L1
L2LlL2
L2
18.
1.894
18.1.894
15.1.994
0.
0.
0.
0.
0.
0.
18.in.
1.894
Is.
1.894
18.
1.894
1i.
1.894
18.
1.894
1i.
1.894
18.
1.894
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
O.
0.
O.
0.
0.
Q.
O.
0.
Q.
0.
0.
Q.
O.
0.
0.
0.
0.
0.
0.
0.
0.
8.
Q.
0.
0.
0.
0.
Q.
0.
0..
0.
0.
0Q.
0.Q
0.,
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1..
Q.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
O.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
- --
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3D Volu~es - Volu•e la
Horizontal Variation - Channel 20
Width Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor Ault. Factor
1
1
2
2
3
3
4
4
5
6
6
7
7
8
8
9
9
10
10
11
11
12
12
13
13
14
14
LI
L2
L1
L2
L1
12
L1
L2
L1
L2
L1
L2
L2
L1
L2
LI
L2Ll
L2
LI
L2
LI
L2LIL2
L2
65.6
7.34
65.6
7.34
65.6
7.34
36.1
7.1
16.4
4.9
16.4
4.9
16.4
4.9
16.4
4.9
16.4
4.9
36.1
7.1
36.1
7.1
36.1
7.1
36.1
7.1
26.2
6.1
Q.
Q0.0.
0.
0.
0.0..
a.
0.
0.
0.
0.
Q.
Q.
Q.
0.
0.
Q.
0.
O.
Q.
0.
0.
Q.
Q.
Q.
0.
0.
Q.
0.
Q.
Q.
Q.
0.
O.
0.
1.
1.
1.
i.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
0.
O.
0.
Q.
0.
0.
Q.
0.
0.
0.
Q.
0.
Q.
0.
0.
Q.
0.
0.
0.
0.
0.
Q.
Q.
Q.
Q.
0.
Q.
0.
3D Volumes - Volu~e la
Horizontal Variation - Channel 21
Width Loss Dent. Gap Wall
Level Dir. (Et) Coeff. Factor .fult. Factor
1
1
2
2
3
4
4
6
6
7
7
8
9
9
10
10
11
11
12
12
13
13
14
14
L1
L2
L1
L2
Ll
L2
Ll
L2
L1
L2
LI
L2
LI
L2
L1
L2
L1
L2
L1
L2
L1
L2
L1
L2L1I
L2
L2
Q.
0.
0.
0.
0.
0.
14.7
11.9
9.8
3.4
9.8
3.4
16.4
3.4
16.4
3.4
16.4
3.4
14.7
11.9
14.7
11.9
14.7
11.9
14.7
11.9
4.9
8.7
0.
Q.
0.
0.
0.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.O.
0.
0.
Q.
Q.
0.
0.
a.
0.
0.
0.
Q.
O.
0.
0.
O.
0.
Q.
Q.
0.
0.
0.
0.
Q.
Q.
0.
O.
I.
1.
1.
1.
1.
1.
1.
1.
i.
1.
1.
1.
1.
I.
1.
I.
1.
1.
I.
1.
I.
1.
1.
1.
i.
1.
1.
I.
Q.
Q.
0.
0.
Q.
0.
Q.
0.
0.Q.
0.
0.
O.
Q.
0.
Q.
Q.
Q.
0.
Q.
0.
Q.
0.
0.Q.
Q,
Q,Q.
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3D Volumes - Volum.e l
Horiaontal Variation - Channel 22
Width Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor .ult. Factor
0.
a.
0.
0.
0.
a.
0.
0.
0.
a.
a.
a.
a.
Q.
0.
a.
0.
a.
0.
a.
0.
0.
a.
0.
0.
0.
a.
0.
1
1
2
2
3
3
4
4
5
6
6
6
7
7
9
9
10
10
11
11
12
13
13
14
14
L1
12
LI
11
12
112
Ll
L2
11
L2
Ll
L2
112
11L2
12
11
12
L1
L2L2
1.44
16.7
1.44
16.7
1.44
16.7
13.1
14.8
6.6
6.6
6.6
6.6
3.3
4.1
3.3
4.1
3.3
4.1
13.1
14.11
13.1
14.6
13.1
14.8
8.2
14.6
4.9
9.5
a.
a.
a.
0.
0.
a.
a.
0.
0.
Q.
a.
a.
0.
Q.
0.
a.
O.
a.
0.
O.
a.
a.
O.
a.
O.
a.
0,
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
0.
a.
a.
O.
a.
a.
a.
a.
a.
a.
0.
a.
a.
O.
0.
0.
a.
a.
O.
a.
0.
a.
a.
O.
0.
0.
3D VoluMea - Vol0ue 1I
Rorimontal Variation - Channael 23
width Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor Malt. Factor
a.
a.
0.
O.
0.
0.
0.
0.
0.
0.
O.
0.
a.
0.
0.
0.
0.
0.
0.
a.
a.
0.
0.
O.0.
a.
0.
0.
1
1
2
2
3
3
4
4
5
6
6
7
7
8
9
9
10
10
11
11
12
12
13
13
14
14
L1
L2
L1
LI121,1
L21
LI121LI12LI
12
1i1L2
LlL2
L1
12
LI12
L1
1L2
LI
12
LiL2
1.44
16.7
1.44
16.7
1.44
16.7
2.19
16.4
12.1
6.5
12.1
6.5
6.8
4.
6.6
4.
9.a
4.
2.89
16.4
2.81
16.4
2.89
16.4
2.69
14.2
2.89
10.4
G.
0.
a.
0.
a.
a.
a.
0.a.
a.
a.
0.
a.
0.
0.
0.
a.
0.
0.
a.
0.
0.
a.
0.
a.
0.
O.
O.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
a.
a.
0.
0.
0.
0.
0.
0.
O.
Q.
0.
0.
a.
a.
0.
0.
0.
a.
0.
O.
O.
0.
0.
O.
O.
a.
a,
0.
--
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3D Voltu.es - Volu•me Is
Horizontal Variation - Channel 24
i ath Loss Dent. Gap Wall
Level Dir. (ft) Coeff. Factor 4ult. Factor
1
1
2
2
3
3
4
4
6
7
7
9
IQ9110
11
11
12
12
13
13
14
14
L1
L2
L1
L2
L1
L2
L1
L2
L1
L2
LI1
L2
L1
12
L1
12
L1
12
L1
12
L1
L2
LI
L2
L2
L2
0.394
16.7
0.394
16.7
0.394
16.7
0.394
0.394
16.7
0.394
16.7
0.394
16.7
0.394
0.394
16.7
0.394
16.7
0.394
16.7
0.394
16.7
0.394
15.5
0.394
10.7
0.
0.
Q.
0.
0.
0.
10.
0.
0.
0.
0.
0.
0.
0.
0.
a.
0.
0.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.
Q.
0.
0.
Q.
0.
0.
0.
0.
Q.
Q.
0.
Q.
Q.
0.
O.
0.
Q.|
0.
0.0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
0.
Q.
0.
0.
0.
a.
0.
0.
0.
Q.
Q.
0.
0.
Q.
0.
Q.
0.
Q.
Q.
0.
0.
o.
Q.
0.
Q.
0.
0.
O.
3D Volumes - VoliuOe 3s
Kominal Values - Vertical
Chan. Area Ver. Flow Hyd. D. Loss De-ent. Vari.
f (ft2) Ar. (ft2) (ft) Coeff. Factor Table
1 18.3 18.3 0.55 0. 0. a O
2 18.3 18.3 1000. 0. 0. NO
3 18.3 18.3 0.55 0. 0. gO
3D Volumee - Volu.e 3s
Kominal Values - Horizontal
Charn. Width Loss Dent. Gap Wall Vari.
f Dir. (ft) Coaff. Factor .Mlt. Factor Table
1 L 0.2713 0. 0. 1. 0. EO
1 L2 20.4 0. 0. 1. 0. •o
2 LI 0.273 0. 0. 1. 0. KN
2 L2 20.4 0. 0. 1. Q. 1O
3 LI 1.273 0. Q. 1. 0. NO
3 L2 20.4 0. Q. 1. 0. NO
EIGHTH MODEL LOCA
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3D Voluweos - Volune 3s
Vertical Kodinq
Bottom Height
,evel El. (ft) (ft)
1 0.01 16.4
2 16.4 29.5
3 45.9 36.1
4 82. 26.3
5 108.3 26.2
6 134.S 16.4
7 150.9 16.4
8 167.3 16.4
9 183.7 29.5
10L 213.3 39.4
EIGHTH MODEL LOCA
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Turbulence Para-meterm
Licuid Vapor
Vol Vise. lurb. 4ix.L. 41x.L Lioquid Vapor
f Shear Shear (ft) (ft) Pr Ko. Pr No.
Is O 10 1. 1.
2 KO KO 1. 1.
33 10 10 1. 1.
4 O0 o0 1. 1.
E 0 10 1. 1g.
6 1O KO 1. 1.
7 KO 10 1. 1.
8 1O KO 1. 1.
9 KO KO 1. 1.
10 10 10 1. 1.
11 10 no 1. 1.
12 10 0o 1. 1.
13 10 10 1. 1.
i
EIGHTH MODEL LOCA
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Fluia Bounnary Conmitimns - Table 1
Press. Te.,p. Flow cE OFF
BC f Des cript ion (psia) FF (F) FF (Ibm-/s) FF Trip Trip
IF Break 40. ( I 31 1.0 1
2F Hycrogen relase 40. 250 1 7
EIGHTH MODEL LOCA
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Fluid Boundary Conaitions - Table 2
Liq. V St". Drop D Cpld Flow Heat
SCe Frac. FF P.R. FF (in) FF BCf Frac. FF (Btu/s) FF
1i 1. I 0. 00
2r
379
EIGHTH MODEL LOCA
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Fluia Boundary Cowitions - Table 3
Gas Pressure Ratios
EiCf Air FF Ar FF He FF R2 FF
1I
2F 1.
EIGHTH MODEL LOCA
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Fl71n Bounaary Conaitions - TablA 4
Gas Pressure Ratios
BCi Kr FF K2 FF 02 FF Xe FF
2F I
EIGHTH MODEL LOCA
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Flo• Paths - Table 1
F.P. Vol Elev Ht Vol Elev Ht
i Description A (ft) (ft) B (ft) (ft)
Break Line
annulus inlet
annulus inlet
annulus outlet
annulus outlet
annulus outlet
chinmey out let
chimney out lot
moatfeea1l
m.oatfeed2
moatfeea3
moatfeed4
-noatfeea5
moatc feed
.ot feead
hrl in
hrl out
hr2 in
hr2 out
hr3 in
hr3 out
hr4 in
hr4 out
hr5 in
hr5 out
hr6 in
hr6 out
hrNR in
hrRCR out
hrER in
hrER out
fan cooler duct
fan cooler duct
doorwayl
d•ooray2
Ry•rogen releas
1s l157
2
2
3s29
3a29
3s30
44
3s3
3,3
3a6
396
399
3s9
3912
3s12
1s265
6
19277
7
1•273
1,285
9
1s268
I 10
11
1,209
12
1I161
13
1s215
ls209
1,135
12143
1.157
95.
110.
111.
250.
251.
250.
310.
310.
10.
12.
30.
40.
60.
70.
90.
100.
170.
170.
170.
170.
170.
170.
170.
170.
170.
170.
170.
170.
125.
140.
100.
115.
125.
125.
70.
70.
.5.
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.10.10.1
0.1
0.1
0.1
0.10.1
0.1
0.1
0.1
0.1
0.1
0.1
0.10.1
1.
1.°
0.1
1F
3l15
3s15
4
4
4
2
2
5
E5
6
1s265
7
19277
1u273
9
19285
10
11
1s290
12
1s209
13
1.l61
1l213
1s207
s1137
1l142
2r
5.
110.
111.,
255.
255.
255.
320.
321.
10.
12.
30.
40.
60.
70.
90.
100.
170.
170.
170.
170.
170.
170.
170.
170.
170.
170.
170.
140.
125.
115.
100.
125.
125.
70.
70.1
23.27
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
1.
1.
1.
1.
0.1
4
9
11
12
13
14
15
16
17
19
19
2021
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
317
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Flow Paths - Table 2
Flow Flow Hyd. Inertia Friction Critical De- MŽan
Path Area Di a. Lenqth Length Flow Entrnt Tmrn
v (ft2) (ft) (ft) (ft) Model Frac. Opt
9.82
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
2.6
2.6
4.9
9.12
3.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
10.
2.
2.
3.
3.
3.
501.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
2.
1.
1.
1.
1.
1.
1.
1.
1.
1.
2.
1.
1.
1.
1.
50.
20.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
21.
20.
Ao
KO
Eo
Eo
Eo
•o
ro
No
No
No
NONo
No
No
KO
NO
EQ
No
No10
Eo
Eo
No
No
No
wo
go
Eo
KO
No
EoEQo
EQo
0.
0.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
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Flow Paths - Table 3
Flow Fwd. Rev.
Path Loss Loss Co•rp.
I Coeff. Coeff. Opt:.
a.
a.
a.
0.
a.
0.
0.
a.
Q.
0.
a.
a.
a.
0.
0.
a.
0.
a.
0.
0.
0.
a.
0.
Q.
0.
a.
0.
0 .
a.
0.
0.
Q.
1.
1.
2.5
2.5
0.
a.
0.
0.
a.0.0.
a.
O.
0.
2.
0.
a.
0.
0.
Q.
0.
0.
Q.
0.
Q.
Q.
0.
0.
0.
Q.
0.
a.0.
O.
a.
0.
0.
0.
1.
1.
2.5.
2.5
Q.
OFF
OET
OFF
OFFOET
OET
CFFOFT
CoT
OFT
OFT
COFTET
CET
CET
OFFOET
CRT
OETOrT
CITOET
CET
01T
CET
CET
OET
2
3
4
5
6
7
8a
9
10
11
12
131
14
15
1171819
20
21
22
23
24
2526.272829
36
31
32
33
34
35
36
37
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Thernal Con4uctors
Cond Vol HT Vol HT Cone S. A. Init.
I Description A Co B Co Type (ft2) . (F) Or
1
2
3
4
6
7
8
9
10
12
13
14
1i5
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
56
57
58
59
60
61
62
63
64
65
66
67
68
11al
11a2
11a4
12al
12a2
12a3
12a4
13al
13a2
13K3
13a4
14al
14a2
14a3
14a4
lEal
15a2
15a3
15a4
16al1
16a2
16a3
16a4
17al
17a2
17a3
17a4
18al
18a2
18a3
18a4
1981
19a2
19a3
19a4
110al1
110a2
110a3
110a4
111al
111a2
111a3
111a4
11281
112a2
112a3
112z4
113al
113a2
113a3
113a4
114al1
114a2
114a3
114a4
cnc 18 ana 19
cnc 110
cnc 111
cnc 112
cne 113
cno 114
tank 11al
tank 11a2
tank 11a3
tank 11a4
tank 12al
tank 12a2
83.75
83.75
83.75
83.75
83.75
83.75
83.75
83.75
107.2
107. 2
107.2
107.2
365.7
365.7
183.7
r-
Is6
Isle
1924
1s230
1s36
1242
1s48
Is54
Is60
1266
1972
1s78
2s84
2.90
1296
Is102
s1208
19114
Isl20
12126
1s132
1s138
12144
IslE650
1s262
ls168
19174
sl280
ls192l 9
18198
12204
18210
Is216
1.222
19228
18234
1s240
2s246
Is252
1s258
ls264
1s270
1s276
1s282
1s288
18294
1s300
18306
1s312
1.318
1s324
1.330
1s336
3215
3sl8
3021
3s24
3.27
3930
123
1e9
1315
1.33
3s4
3.4
3s4
394
3s4
3s7
3s7
3s7
3.7l
39103s.03910
3s13
3913
3913
3s13
3813
3813
3s13
3.2338132 6
3.16
3916
3.16
3.19
3.19
3.19
3.19
3.22
3922
3s22
3a22
3sl93s293s25
3,28
3s283.25
3.283,28
2
2
2
2
2
2
1s3
129
1815
1s27
1933
....
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
11
2
2
1
222
2
183.8
292.1
292.1
146.7
146.7
805.
805.
402.5
402. 5
586.5
586.5
293.5
293.5
219.5
218.5
109.3
109.3
365.7
365.7
182.9
182.9
274.7
274.7
274.7
274.7
274.7
274.7
274.7
274.7
274.7
274.7
274.7
274.7
490(.1
490.1
490.1
490.1
878.8
878.8
878.8
878.8
1755.4
1098.8
1098.8
1098.8
1960.4
3560.
80.5
90.5
80.5
80.5
80.5
80.5
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
120.
120.
120.
120.
120.
120.
-"
---
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Thermal Conductors
Cona Vol HI Vol H• Cmnd S. A. Init.
f Description A Co B Co Type (ft2) r. (F) or
tank 12&3
tank 12s4
tank 13al
tank 13a2
tank 13a3
tank 13a4
misc. steel cnt
.isc steel ER
er floor
er floor
er floor
er floor
er floor
er floor
er wall
er wall
er wall
er wall
er wall
er wall
er wall
er wall
ar wall
er wall
er wall
er wall
er oeelinq
er oeelinq
er eelinq
er oeelinq
er oeeling
or oe•linq
for wall
for wall
fcr wall
for vall
for wall
fcar wall
f r wallfar wall
1.39
1.l45
151
1a57
1s69
1s91
1.119
lal21
s119
1s113
114
1.119
1112
1s113
12114
1s142
ls136
1.131
1s166
Is161
15s162
1s161
1s166
lal62
1.214
1.203
ls209
ls210
ls190
Isl84
1l186
3
3
3
3
3
3
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
111
1
1s39
1945
1957
1s63
1s69
ls11
1.120
1.113
1.112
1s113
1.114
16112
19113
1.114
19142
ls136
11l37
1.138
1.166
1.160
1.162
lsl62
1s167
1s166
1.160
29162
ls162
1*214
ls208
ls209
ls1824
1.190
ls1l4
1.185
1sl86
4
4
4
4
4
4
1
1
1
1
1
1
1
1
1
1
1
1
1
1
12
1
1
1
1
121
1
1
1
1
2
2
2
2
2
2
4
4
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
80.5
106.4
106.4
106.4
106.4
693.
307.
57.
57.
57.
57.
57.
57.
192.2
198.2
198.2
19".2
196.2
198.2
198.2
198.2
199.2198.2
57.
57.
57.
57.
57.
57.
77.3
77.3
77.3
77.3
77.3
77.3
77.3
77.3
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
I
I
I
I
I
I
I
I
69
70
71
72
73
74
75
76
77
79
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
109
-- ------------------
I
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Heat Transfer Coefficient Types
Heat Peak
Type Release r•.e Const Curv Cond Send. Phase
f option (Btu) (s) Value f Opt. HIx HT Opt.
1 Direct/Co 0. 0. 0. 0 G-K SPLIT
2 Direct/Co 0. 0. 0. 2 G-K SPLIT
3 rurb. Nat 0. 0. 0. 0 SPLIT
4 Turb. Nat 0. 0. 0. 0 VAN
E Turb. Nat 0. 0. 0. 0 LIQ
Thermal Ccnductor Types
Type Thick. O.D. Heat Heat
i Description Geam (in) (in) Heqions (Btu/ft3-s) ET
1 concrete shleld WAI 98 . 2 0. 3 0.
2 steel shell WALL 1.006 0. 4 0.
3 concrete intern WALL 39.3 0. 3 0.
4 miscellaneous s WALL 39.3 0. 3 0.
Thermal Conductor Type
concrete shield
Mat. Bdry. LThic Sub- Heat
egqion i (in) (in) reqi. Factor
1 1 0. 32.23, 1 0.
2 1 32.23 31.77 1 0.
3 1 64. 34.28 1 0.
Thersal Conductor Type
2
steel shell
Mat. Bdry. Thick Sub- Heat
Regqion I (in) (in) reqs. Factor
1 3 0. 0.02 1 0.
2 2 0.02 0.325 1 0.
3 2 0.345 0.33 1 0.
4 2 0.675 0.331 1 0.
Theral Cadnauctor Type
3
concrete internal walls
Mat. Bdry. Thick Sub- Heat
Peqion f (in) (in) reqa. ractor
1 1 0. 13.08 1 0.
2 1 13.08 13.1 1 0.
3 1 26.23 13.12 1 0.
381
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Thermal Conauctor Type
4
miscellaneous steel
Mat. Bairy. Thick Sub- Heat
HRegion f (in) (in) regs. Factor
1 2 0. 13.08 1 0.
2 2 13.09 13.1 1 0.
3 2 26.18 13.12 1 0.
Materials
rype f Descript ion
1 Concrete
2 steel
3 Ep nxy paint
Material Type
1
Concrete
Te.-p. Dens ity Cord. Sp. Heat
(F) (lbm/ft3) (Btu/hr-rt-F) (Btu/lb-F }
0. 140. 1. 0.2
1000. 140. 1. 0.2
Material Type
2
Steel
TeIp. Density Cono. Sp. Heat
(F) (lmn/ft3) (Btu/hr-ft-F) (Btu/lbmt-F)
0. 490. 11. 0.11
5000. 490. 11 0.11
Material Type
3
Epoxy paint
Temp. Density Cand. Sp. Heat
(F) (l•a/:ft3) (Btu/hr-ft-F) (Btu/l1im-F)
000. 1050.187 0.35
1000. 105. 0.17 0.35
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Volumetric Fan - Table 2
Vol Flow Flow Heat Heat
Fan Flow Rate Rate Heat Rate Rate Disch
f Option (CF74) FF Option (Btu/s) FF Vol
1Q T i.e 1. 4 Timie 19265
2Q T te 1. 4 TIme 1s277
3Q TLme 1. 4 IT•e Is273
4Q Time 1. 4 Tim-e 1s285
SQ Time 1. 4 Ti-e 19268
6Q Time 1. 4 T1imhe 1a280
7Q Time 1. 5 Time Iss209
sQ Time 1. 6 1Time 19161
Functi on
FFf Description Ind. Var. Dep. Var. Points
0 Constant - - 0
1 Break nass Flow T.te (s) Muas Flow 50
2 Air Ht Tr Multi Time (s) Coefficien 2
3 Break Enthalpy Time (s) Enthalpy ( 32
4 hr dome flow Time (s) flowrate ( 43
5 hr FCR flow Time (s) flowrate ( 40
6 hr ER flow Tme (s) flourate ( 18
Volu•et ric Fan - Table 1
Vol Flow On Off min Max
Fan Path Trip Trip DP DP
i Descript on I 9 (psi}) (psi)
I1 hrl 18
2Q hr2 20
3Q hr3 22
4Q hr4 24
5Q hrE 26
6Q hr6 28
7Q hrFCR 30
SQ hrER 32
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Function
1
Break Mass Flow
Ina. Var.: Time (s)
Dep. Var.; Mass Flow (ibm//s)
Ina. Var. Dep. Var. Ind. Var. Dep. Var.
0. 0. 0.01 9750.
0.175 11803.8 0.4 10897.25
0.75 10186.4 1. 8559.125
2. 7207. 4. 5474.125
8. 3293.75 13. 1238.125
16. 613.8 17.3 396.
19.3 305.8 21.4 126.
21.6 61.5 21.8 10.5
22. 0. 22.5 25.
24. 51.625 27. 96.75
60. E'. 92. 86.175
200. 68.4 217. 88.
226. 65.4 236. 51.25
253. 38.75 288. 25.625
343. 19.17 656.5 16.25
656.7 197.5 1656. 10.06
2356. 8.75 33E6. 7.29
6106. 6.25 9106. 5.575
15506. 4.9175 16000. 2.825
25506. 4.338 30000. Q.
30002. 0. 32000. 2.5
40506. 3.8125 64000. 2.25
70506. 3.2125 80006.5 3.075
128000. 2. 256000. 1.75
300001. 0. 300003. 0.
Function
2
Air Ht Tr Multiplier
Ind. Var.: Time (s)
rep. Var.; Coefficient
Ina. Var. Dep. Var. Ind. Var. Dep. Var.
0. 2. 300000. 2.
390
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Function
3
Break Enthalpy
Inc. Var.: time (s)
Dep. Var.: Enthalpy (Btu/1•n)
Inc. Var. Dep. Var. Ind. Var. Dep. Var.
0. 0. 0.01 546.23
0.2 549.33 0.85 562.56
2. 566.98 S. 630.36
12. 766.23 15. 719.84
17. 655.61 20. 488.06
21. 4 396.94 21.9 342.
22. 0. 23. 1300.
220. 1188.2 226. 1185.15
232. 1230.5 243. 1187.13
263. 0. 298. 1188.1
393. 1180.12 450. 1179.9
1656. 1185.97 7106. 1172.9
10506. 1184.3 15506. 1183.77
25506. 1191.7 40506. 1178.4
55506. 1175.65 80006. 1171.3
150000. 1000. 300000. 0.
Fun ct io •
4
hr adoe flow
Ind. Var.: Tite (s)
Dep. Var.: flowrate (rt3/s)
Ind. Var. Dep. Var. Ind. Var. Dep. Var.
0. 0. 0. Q.
0. 0. 0. . 0.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. Q.
0. 0. 3641. 72.67
3641. 80. 5203. 75.74
6405. 73.99 7486. 71.36
9328. 60.73 9529. 70.04
10491. 70.04 10971. 69.17
10971. 66.97 11452. 64.78
11933. 63.03 13014. 64.34
13495. 62.59 13976. 61.71
15778. 61.27 16740. 57.77
18062. 53.38 19504. 50.31
21066. 50.31 22148. 49.87
22989. 47.24 23710. 45.49
25032. 45.49 27075. 42.86
28036. 41.1 21757. 40.23
29478. 37.59 30079. 36.72
30560. 36.28 31281. 35.84
31982. 34.53
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unction
hr FCR flow
Ind. Var.: Iltne (s)
Dep. Var.: flowrate (ft3/s)
In.. Var. Dep. Var. Ind. Var. Dep. Var.
0. 0. 0. 0.
. 0. a. a.
0. 0. Q. 0.
0. 0. 0. O.
0. 0. 0. 0.
O. O. 0. a.
0. 0. 3641. 5.
4362. 6.87 4482. 36.22
6285. 36.03 7126. 34.68
8087. 33.15 8808. 32.38
10371. 32.19 11452. 31.8
13375. 29.89 14697. 28.35
16019. 28.54 17581. 27.78
18302. 25.86 19744. 24.9
21307. 23.75 22628. 23.56
24311. 24.13 24912. 23.94
26594. 21.25 27075. 19.91
28397. 18.18 29238. 17.61
31041. 17.22 32002. 17.22
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Function
6
hr ER flow
Inc. Var.: Tite (s)
Dep. Var.; flowrate (ft3/a)
Ind. Var. Dep. Var. Ind. Var. Dep. Var.
a. Q. 3881. 5.
4482. 16.41 6525. 16.79
8568. 17.18 11092. 14.87
12894. 14.49 15658. 13.72
16860. 14.11 18182. 13.72
19985. 12.96 21427. 12.19
23350. 11.42 24912. 10.27
26955. 9.506 28157. 8.355
30200. 8.355 31642. 7.204
3CQ
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Tunct ion
7
Hycroqen release
Ina. Var.; T•me (s)
Dep. Var.; Flo•rate (Ibm/s)
Ina. Var. Dep. Var. Ind. Var. Dep. Var.
0.
0.
1366.
1939.
2246.1
2794.
2326.
1668.
297.9
846.1
1407.
16821.
1798.
1818.6
1695.
1229.
728.6
202.
366.4
352.7
229.4
106.1
78.72
42.957
65.02
78.72
78.72
65.02
37.61
10.21
46.34
3291.
4372.
5319.
5589.
5859.
6130.
6671.
6941.
8428.
8698.
8698.
8834.
8834.
8969.
8969.
9510.
11132.
13936.
16270.
17081.
18162.
20055.
20326.
23300.
25193.
29519.
30465.
31817.
31953.
0.
0.
1593.
2067.
2435.
2639.
1956.
878.72
572.
1188.
1531.
1729.
1819.
1780.5
1586.
969.4
524.9
325.3
366.4
284.2
174.6
37.61
57.3
48.673
78.72
92.42
78 .72
37.61
10.21,
0.
0.
3020.
4102.
5183.
54E4.
5724.
5859.
6671.
6671.
8023.
8698.
8698.
8698.
8834.
8834.
8969.
9104.
10456.
12754.
15323.
16675.
18027.
18974.
20055.
22083.
24111.
27221.
30465.
31006.
31953.
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Volumne Initial Condit ions
Relative Liquid Io I ce
Vol Pressure •lemp. Huiaiity Volume Volume Surf. A.9 (psia) (F) (t) Fractio Fract. (ft2)
def
1s9
Igo
1s17
Isl
1s2
1s3
1937
Is38
1s39
1333
1s32
1s25
1827
1s19
1s20
1s21
1943
1s44
1s45
19s67
Is683
1s69
Sl13
1s14
1355
1s49
1s52
2
3s12
3s11
3s5
3,6
3s1
3s2
3s3
3.4
3.8
3s9
3s7
4
c
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14 .
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.7
14.1
14.7
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
90.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
120.
90.
90.
60.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.
99.99.99.
99.99.
3099.
99.
99.
99.
99.
99.
99.
99.
99.
60.
Q.
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.71
0.76
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0. 99
0.99
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
O.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
a.Q.
0.
Q.
Q.
0.
0.
0.a.
0.
0.
0.
Q.
0.
Q.
0.
O.
0.
0.
Q.
0.
0.
O.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.a.0.
O.
0.
--
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FunCtton
3
Break Enthalpy
Ina. Var.: •-•e (s)
Dep. Var.. Enthalpy (Btu/lhm)
Ina. Var. Dep. Var. Ind. Var. Dep. Var.
0. 0. 0.01 1200.
0.01 1220. 0.01 1200.
Ojo 1200: 0.01 120O.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.01 1200. 0.01 1200.
0.015 1204. 0.02 1200.
0.5 1204.4 25. 1200.
50. 1270. 65. 1277.
100. 1286. 200. 1286.
294.9 1269. 6E3.8 1289.
970.9 1257. 1446. 1255.
1772. 1255. 1997. 1253.
12188. 1220. 18914. 1207.
22712. 1191. 25532. 1185.
26489. 1234. 68721. 1227.
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Funct i on
1
Break Mass Flow
Ind. Var.: Ti•e (s)
Dep. Var.: Mass Flow (lbm/s)
Inb. Var. Dep. Var. Ind. Var. Dep. Var.
0.
15000.
15000.
15000.
15000.
15000.
15000.
15000.
15000.
14788.
12952.
10336.
6634.
4531.
4098.
3711.
2810.
455.8
10.48
7.83
5.35
4.58
3.55'
2.68
743.9
1.98
234.2
1.031
28.55
1.46
5.774
2.519
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.015
0.4
1.
4.
13.
17.3
21.4
27.
45.
52.93
60.
70.
80.
90.
100.
128.
140.
200.
545.3
912.5
5286.
10961.
16202.
20976.
15000.
15000.
15000.
15000.
15000.
15000.
15000.
15000.
15144.
13641.
12000.
92 4.
5106.
4328.
4095.
3500.
2611.
574.
13.
9.41
3.53
3.45
3.4
234.2
2.21
1.29
1.031
64.33
14.99
11.74
1.263
1.214
Q.
0.01
0.01a
0.01
0.01
0.01
0.01
0.01
0.01
0.2
0.75
2.
8.
16.
19.3
25.
40.
E0.
55.
65.
75.
B5.
95.
120.
136.3
160.
286.6
620.4
2949.
10886.
1551.
18138.
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APPENDIX B.
CALCULATIONS FOR MULTIPLE AIR INLETS
The question of multiple-separated inlets became important during the investigation of a
boiling external pool. (See chapter 4.) For the boiling pool to perform best, the water has
to reach saturated boiling conditions early in the transient. Thus mixing has to be
minimized between the heated water in the region adjacent to the shell, and the cold
makeup water region outside the concrete shield. To maintain the least amount of
mixing, the concrete shield should have the fewest possible number of penetrations.
However, as the pool level decreases due to evaporation, the concrete shield penetrations
become air inlets for convection in the annulus. There have to be sufficient inlets for the
air convection to be effective throughout the entire air-flow region of the containment.
Furthermore, in the overall estimation of containment performance, the heat transfer
coefficient and friction factor between axially separated inlets need to be known.
The effectiveness of convective heat transfer can be evaluated from the friction factor and
heat transfer coefficient. Figure B.1 depicts the separated inlet geometry that had to be
evaluated. If the bottom inlet is open, then the ANL duct convection heat transfer
correlation should be adequate, and perhaps conservative, because airflow along paths 1
and 2 can enhance convective heat transfer above that along path 3 only. If, however, the
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Figure B. 1. A schematic of the expected air flow for multiple axially-separated inlets
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bottom inlet is covered by pool water, then air convection between the water level and the
top inlet only occurs along path 2 (air convection above the top-inlet occurs alons paths 1
and 2).
The objective of this study was to compare the bottom-inlet open with the bottom-inlet
closed heat transfer between the top and bottom inlets. If, as was shown to be the case,
heat transfer coefficients and friction factors are comparable in the bottom-inlet open and
closed scenarios, than the same duct convection correlation used above the upper inlet
can be used for the region below the inlet.
The heat transfer coefficients and Moody friction factors were obtained through the
iterative procedure shown on figure B.2. Figures B.3 and B.4 show the FLUENT
configurations and nomenclature. The RECENT code [Fu et al,. 1992] was used to solve
the upper section mass, momentum and energy balance equations. The relevant
RECENT output is the steel shell temperature (Tcw), the concrete shield temperature
(TAW) and the mass flow rate per unit flow area (see figure B.4). The lower section
balance equations are solved using FLUENT [1990], because FLUENT is a CFD code
and thus does not need externally provided friction factors and heat transfer coefficients
for the closure of the balance equation matrix. Convergence between RECENT and
FLUENT is reached when the pressures at the interface between lower and upper sections
are predicted within 5 % of each other. The relevant FLUENT output variables are the
pressure and air temperature at the outlet from the lower section; the air temperature from
the lower section is used for input into RECENT. The friction factor on the region
between inlets is then calculated as follows:
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Input:Geometry and BCs (e.g., gap width,
containment wall temperature, inlet air temperature)
Initial guesses (e.g., lower segment mass flow rate, ,
heat transfer coefficient and friction factor)
RECENT
Execute YT
*r
FLI
ass flow weighing
to obtain air inlet temperature
into the upper section
* The heat transfer through radiation is determined based on the temperatures calculated
in the upper segment iteration
Figure B.2 FLUENT and RECENT iteration scheme used to obtain the variables needed
to compute heat transfer coefficients and friction factors
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Figure B.3 FLUENT input geometry for a 30 m separation between bottom and top inlets
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Figure B.4 FLUENT and RECENT parameters that determine the flow between axially-
separated inlets
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D2f= Ap -, (B-l)
L pv2
where: f - Moody friction factor,
D = (2 x gap width) - hydraulic diameter for this configuration,
p - air density at the average temperature on the lower section, and
v - velocity through the duct (calculated from mass flow and flow area).
The heat transfer coefficient is calculated from:
Q=h.A(T bulk- T ) = hc (Tout - T in), which yields (B-2)
ppout
h = out , (B-3)
A (T,-TTCW)
where: rh - mass flow rate of air through the duct,
cp - heat capacity of air at the average temperature on the lower section,
Tout - air temperature at lower region outlet,
Tin - atmospheric air temperature,
Tbulk - temperature of center node at mid length, and
Tcw - steel shell temperature.
The results obtained through this iterative procedure are listed in table B 1. The bottom-
inlet open and bottom-inlet closed configurations gave predictions that varied by less than
25 % over the wide range of conditions investigated (axial separation, gap width, and
atmospheric temperature). As discussed in chapter 4, both heat transfer coefficients and
friction factors show that a duct convection correlation is suitable for convection between
axially-separated inlets.
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Table B 1 Heat Transfer Coefficients and Friction Factors for
Bottom-inlet-open and Bottom-inlet-closed Geometries
Inlet air temperature dependence for
the bottom inlet open geometry
heat transfer coefficient friction factor
ATcw-aw Tin=100 C Tin=300 C Tin=500 C Tin=10oC Tin=30 0 C Tin=50 0 C
30 11.9 13.7 15.2 0.00774 0.00768 0.00763
40 12 14 15.4 0.00725 0.00719 0.00717
50 13.1 14.9 16.2 0.00684 0.00679 0.00676
60 14.5 16.5 17.6 0.00666 0.00662 0.00661
70 17 18.5 19.5 0.00653 0.0065 0.00647
80 20.3 21.4 22.1 0.00647 0.00644 0.00642
100 24 24.7 25 0.00645 0.00643 0.00642
Inlet air temperature dependence for
the bottom inlet closed geometry
heat transfer coefficient (W/m 2 K) friction factor
ATcwaw Tin=10 0 C Tin=300 C Tin=50 0C Tin=10 0 C Tin=300 C Tin=50 0 C
30 11.0 12.8 14.5 0.00774 0.00782 0.00779
40 11.2 13.0 14.7 0.0073 0.00732 0.00727
50 12.0 13.6 15.3 0.00688 0.00692 0.00690
60 13.4 15.0 16.1 0.00670 0.00673 0.00671
70 15.5 17.0 18.0 0.00655 0.00660 0.00658
80 18.2 19.4 20.2 0.00651 0.00653 0.00652
100 22.1 22.7 23.3 0.00648 0.00652 0.00650
Gap width dependence for the bottom inlet closed geometry
heat transfer coefficient (W/m 2 K) friction factor
ATcw-aw g=15 cm g=25 cm g=35 cm g=15 cm g=25 cm g=35 cm
30 11.6 12.8 12.4 0.00767 0.00782 0.00775
40 11.7 13.0 12.5 0.00717 0.00732 0.00728
50 12.5 13.6 13.2 0.00682 0.00692 0.00689
60 13.9 15.0 14.7 0.00664 0.00673 0.00670
70 15.8 17.0 16.5 0.00652 0.00660 0.00657
80 18.4 19.4 19.1 0.00645 0.00653 0.00650
100 21.7 22.7 22.4 0.00641 0.00652 0.00648
Inlet height dependence for the bottom inlet closed geometry
heat transfer coefficient (W/m 2 K) friction factor
ATcw-aw h=20 m h=30 m h=10 m h=20 m h=30 m h=10 m
30 13.1 12.8 13.2 0.00783 0.00782 0.00785
40 13.2 13.0 13.4 0.00736 0.00732 0.00737
50 13.8 13.6 13.9 0.00695 0.00692 0.00695
60 15.3 15.0 15.4 0.00675 0.00673 0.00676
70 17.2 17.0 17.3 0.00662 0.00660 0.00663
80 19.4 19.4 19.6 0.00653 0.00653 0.00655
100 23.0 22.7 23.1 0.00653 0.00652 0.00654
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APPENDIX C.
BOUNDARY LAYER CALCULATIONS
The boundary layer cell model was devised to improve GOTHIC's ability to predict flow
along the steel shell. Initial GOTHIC runs (using the conventional wide near-wall cell)
that tried to simulate the thermal stratification test data, showed velocity vectors near the
steel shell to be unrealistic. (See figure 6.17.) The problem was that the influence of the
bulk motion of the steam-air mixture is superimposed on the boundary layer velocity
when a wide near-wall cell is used. The effect of this miscalculated velocity is a more
rapid mixing of the containment atmosphere than is realistic, and an underprediction of
the potential for thermal-stratification.
To get the best near-wall velocity field, a cell width that is equal to the boundary layer
thickness should be used. However, given the dynamic conditions during an accident, the
boundary layer width is not only space but also time dependent. The calculation of such a
boundary layer would be tedious, and would not add significantly to the accuracy of the
predictions. As was discussed in chapter 6, there is a trade-off when a narrow near-wall
cell is used: the velocity prediction improves, while the heat transfer and condensation
rate predictions become less accurate. The reason for the loss of accuracy in heat transfer
and condensation predictions is that GOTHIC uses bulk-property based correlations to
compute these terms. The effect of a narrow near-wall cell on these calculations and,
hence, on the overall heat rejection calculation was discussed in chapter 6.
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Convection along a vertical flat plate becomes turbulent at Grx > 109, where:
3 2
Gr =g~(T -T )x /v . (C-l)
x wall -
Tables C.1 and C.2 show the Grashof number computations for the thermal stratification
experiment and the proposed containment over a wide range of potential conditions. The
Gr number is calculated separately for air and steam (because the mixture composition
varies greatly during the transient); they are calculated for large and small wall-to-bulk
temperature differences; and calculated when both wall and bulk fluid are hot and cool.
For the proposed containment, these calculations show that the flow becomes turbulent
within the first meter from the top of the building. For the thermal-stratification
experiment, fully turbulent convection only takes place on the lower third of the
convection length (given that the total convection length is about 1.5 meters).
The boundary layer thickness was determined in both cases assuming laminar convection.
The integral solution with the power-law suggested by Eckert [1950] yields:
5 1/4
Gr =
x x
1/4
(C-2)
The near-wall cell width was determined based on the calculated laminar boundary layer
thickness. This calculation of the near-wall cell width is valid despite the transition to
turbulence because the laminar boundary layer thickness provides a bounding value for
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the near-wall cell width: the cell is sufficiently wide to contain the entire downflow near
the shell, but sufficiently narrow to minimize the contribution of bulk velocities in the
calculation of near-wall velocities.
For the thermal-stratification experiment, the near-wall cell width was set to 5 cm, which
is the value of the laminar boundary layer thickness for hot steam at 1 meter from the top
of the apparatus (i.e., 1 m into the convection length). For the containment, a value of 12
cm was chosen for the near-wall cell width, which is close to the largest laminar boundary
layer thickness obtained from the calculations. This cell width determination is
physically appropriate for the thermal-stratification experiment but not necessarily
appropriate for the proposed containment, which operates in turbulent convection through
the vast majority of the transient. This is were it becomes important that a cell width
based on a laminar boundary layer thickness calculation is bounding even for turbulent
flows. As was noted in chapter 6, the turbulent flow velocity peak is very skewed toward
the cold shell, which means that the cold flow along the shell is included in the near-wall
cell. The BL model near-wall cell is also significantly smaller (12 cm vs. the 3 meters or
more in the conventional model) and resolves the initial issue of the contribution of bulk
velocities to the calculation of near-shell velocities.
It is important to note that selecting a cell width that is appropriate for turbulent
convection cannot mean selecting the viscous sublayer width over which velocity peaking
occurs. This sublayer is too narrow to be used in conjunction with the much wider nodes
used in containment analysis, and would invalidate the use of heat transfer correlations
based on bulk properties.
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Table C.1 Thermal-stratification Experiment Grashof Number and BL Calculations
Assume Pr = 1 (appropriate for steam, adequate for air) then BL(T) =
BL(x)=x/Gr(x)[336 (Pr+5/9)/PrA2]11/4 in the laminar regime
Assume that the air and the steam are at the same temperature Tsteam
Gr(x) = x^3(Twall-Tsteam)gB/v^2 with properties evaluated at (Twall+Tsteam)/2
Thermal-stratification experiment; Twall (220 to 140 deg. F) and Tsteam (270 to 200 deg. F)
Properties should be evaluated between 250 and 150 deg. F (400 to 340 K)
Tavg (K) gB/v^2 air
3.4E+02 7.2E+07
4.0E+02 3.6E+07
gB/v^2 steam
1.4E+07
4.3E+07
AIR
High wall and steam temperatures
Low wail and steam temneratures
x (m) Twall- gB/vA2 Gr(x) BL(x) (m) x (m) Twall- gB/vA2 Gr(x) BL(x) (m)
Tsteam air Tsteam air
0.OE+00 2.8E+01 3.6E+07 0.OE+00 O.OE+00 O.OE+00 3.3E+01 7.2E+07 0.OE+00 0.OE+00
2.5E-01 2.8E+01 3.6E+07 1.6E+07 1.9E-02 2.5E-01 3.3E+01 7.2E+07 3.7E+07 1.5E-02
5.0E-01 2.8E+01 3.6E+07 1.3E+08 2.3E-02 5.0E-01 3.3E+01 7.2E+07 3.0E+08 1.8E-02
7.5E-01 2.8E+01 3.6E+07 4.3E+08 2.5E-02 7.5E-01 3.3E+01 7.2E+07 1.OE+09 2.0E-02
1.0E+00 2.8E+01 3.6E+07 1.OE+09 2.7E-02 1.OE+00 3.3E+01 7.2E+07 2.4E+09 2.2E-02
1.3E+00 2.8E+01 3.6E+07 2.0E+09 2.8E-02 1.3E+00 3.3E+01 7.2E+07 4.6E+09 2.3E-02
1.5E+00 2.8E+01 3.6E+07 3.4E+09 3.0E-02 1.5E+00 3.3E+01 7.2E+07 8.0E+09 2.4E-02
STEAM
t aigh wall and steam emperatures Low wall and steam temperatures
x (m) Twall- gB/vA2 Gr(x) BL(x) (m) x (m) Twall- gB/vA2 Gr(x) BL(x) (m)
Tsteam steam Tsteam steam
0.OE+00 2.8E+01 4.3E+07 0.OE+00 0.OE+00 0.OE+00 3.3E+01 1.4E+07 0.OE+00 0.OE+00
2.5E-01 2.8E+01 4.3E+07 1.9E+07 1.8E-02 2.5E-01 3.3E+01 1.4E+07 7.2E+06 2.3E-02
5.0E-01 2.8E+01 4.3E+07 1.5E+08 2.2E-02 5.0E-01 3.3E+01 1.4E+07 5.8E+07 2.7E-02
7.5E-01 2.8E+01 4.3E+07 5.1E+08 2.4E-02 7.5E-01 3.3E+01 1.4E+07 1.9E+08 3.0E-02
1.OE+00 2.8E+01 4.3E+07 1.2E+09 2.6E-02 1.OE+00 3.3E+01 1.4E+07 4.6E+08 3.3E-02
1.3E+00 2.8E+01 4.3E+07 2.4E+09 2.7E-02 1.3E+00 3.3E+01 1.4E+07 9.0E+08 3.4E-02
1.5E+00 2.8E+01 4.3E+07 4.1E+09 2.8E-02 1.5E+00 3.3E+01 1.4E+07 1.6E+09 3.6E-02
0.OE+00
2.5E-01
5.0E-01
7.5E-01
1.OE+00
1.3E+00
1.5E+00
BL(x) (m)
O.0E+00
1.9E-02
2.3E-02
2.5E-02
2.7E-02
2.8E-02
3.0E-02
BL(x) (m)
0.OE+00
1.5E-02
1.8E-02
2.0E-02
2.2E-02
2.3E-02
2.4E-02
high T
BL(x) (m)
O.OE+00
1.8E-02
2.2E-02
2.4E-02
2.6E-02
2.7E-02
2.8E-02
BL(x) (m)
0.OE+00
2.3E-02
2.7E-02
3.0E-02
3.3E-02
3.4E-02
3.6E-02
steamair
low Tlow Thigh Tair
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Table C.2 Proposed Containment Grashof Number and BL Calculations
SMALL DT
AIR
Hiuh wall and steam
et 
m
pe
ratu es
m.w wall anal steam t~mne~rahur~P
x (m) Twall- gB/vA2 Gr(x) BL(x) x (m) Twall- gB/vA2 Gr(x) BL(x)
Tsteam air (m) Tsteam air (m)
0.0E+00 2.8E+01 3.6E+07 0.0E+00 O.OE+00 0.0E+00 3.3E+01 7.2E+07 O.OE+00 O.OE+00
1.OE+00 2.8E+01 3.6E+07 1.OE+09 8.5E+02 1.OE+00 3.3E+01 7.2E+07 2.4E+09 1.1E+03
1.OE+01 2.8E+01 3.6E+07 1.0E+12 4.8E-02 1.0E+01 3.3E+01 7.2E+07 2.4E+12 3.9E-02
2.OE+01 2.8E+01 3.6E+07 8.1E+12 5.7E-02 2.0E+01 3.3E+01 7.2E+07 1.9E+13 4.6E-02
3.0E+01 2.8E+01 3.6E+07 2.7E+13 6.3E-02 3.0E+01 3.3E+01 7.2E+07 6.4E+13 5.1E-02
4.0E+01 2.8E+01 3.6E+07 6.5E+13 6.7E-02 4.0E+01 3.3E+01 7.2E+07 1.5E+14 5.4E-02
5.OE+01 2.8E+01 3.6E+07 1.3E+14 7.1E-02 5.OE+01 3.3E+01 7.2E+07 3.0E+14 5.8E-02
6.0E+01 2.8E+01 3.6E+07 2.2E+14 7.5E-02 6.0E+01 3.3E+01 7.2E+07 5.1E+14 6.0E-02
STEAM
High wall and steam temperatures Low wall and steam temperatures
x (m) Twall- gB/vA2 Gr(x) BL(x) x (m) Twall- gB/vA2 Gr(x) BL(x)
Tsteam steam (m) Tsteam steam (m)
O.OE+00 2.8E+01 4.3E+07 O.OE+00 O.OE+00 O.OE+00 3.3E+01 1.4E+07 0.OE+00 O.OE+00
1.OE+00 2.8E+01 4.3E+07 1.2E+09 8.9E+02 1.0E+00 3.3E+01 1.4E+07 4.6E+08 7.0E+02
1.0E+01 2.8E+01 4.3E+07 1.2E+12 4.6E-02 1.0E+01 3.3E+01 1.4E+07 4.6E+11 5.8E-02
2.0E+01 2.8E+01 4.3E+07 9.6E+12 5.4E-02 2.0E+01 3.3E+01 1.4E+07 3.7E+12 6.9E-02
3.0E+01 2.8E+01 4.3E+07 3.3E+13 6.0E-02 3.0E+01 3.3E+01 1.4E+07 1.2E+13 7.6E-02
4.0E+01 2.8E+01 4.3E+07 7.7E+13 6.5E-02 4.0E+01 3.3E+01 1.4E+07 3.OE+13 8.2E-02
5.0E+01 2.8E+01 4.3E+07 1.5E+14 6.8E-02 5.0E+01 3.3E+01 1.4E+07 5.8E+13 8.7E-02
6.0E+01 2.8E+01 4.3E+07 2.6E+14 7.1E-02 6.0E+01 3.3E+01 1.4E+07 1.0E+14 9.1E-02
x (m)
O.OE+00
1.OE+01
2.OE+01
3.OE+01
4.0E+01
5.OE+01
6.0E+01
air
low T
steam
high T
BL(x) (m)
O.OE+00
4.8E-02
5.7E-02
6.3E-02
6.7E-02
7.1E-02
7.5E-02
BL(x) (m)
O.OE+OO
3.9E-02
4.6E-02
5.1E-02
5.4E-02
5.8E-02
6.0E-02
BL(x)(m)
O.OE+00
4.6E-02
5.4E-02
6.0E-02
6.5E-02
6.8E-02
7.1E-02
BL(x)
(m)
O.OE+00
5.8E-02
6.9E-02
7.6E-02
8.2E-02
8.7E-02
9.1E-02
steamhigh T low T
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Table C.2 Proposed Containment Grashof Number and BL Calculations (continued)
LARGE DT
AIR
High wall and steam temperatures Low wall and steam temperatures
x (m) Twall- gB/vA2 air Gr(x) BL(x) x (m) Twall- gB/vA2 Gr(x) BL(x)
Tsteam (m) Tsteam air (m)
O.OE+00 1.0E+02 3.6E+07 O.OE+00 0.OE+00 O.OE+00 1.OE+02 7.2E+07 O.OE+OO O.OE+00
1.OE+00 1.0E+02 3.6E+07 3.6E+09 1.2E+03 1.OE+00 1.0E+02 7.2E+07 7.2E+09 1.4E+03
1.OE+01 1.OE+02 3.6E+07 3.6E+12 3.5E-02 1.OE+01 1.0E+02 7.2E+07 7.2E+12 2.9E-02
2.0E+01 1.OE+02 3.6E+07 2.9E+13 4.1E-02 2.0E+01 1.0E+02 7.2E+07 5.8E+13 3.5E-02
3.0E+01 1.OE+02 3.6E+07 9.7E+13 4.6E-02 3.OE+01 1.OE+02 7.2E+07 1.9E+14 3.8E-02
4.0E+01 1.OE+02 3.6E+07 2.3E+14 4.9E-02 4.OE+01 1.OE+02 7.2E+07 4.6E+14 4.1E-02
5.OE+01 1.OE+02 3.6E+07 4.5E+14 5.2E-02 5.OE+01 1.OE+02 7.2E+07 9.0E+14 4.4E-02
6.0E+01 1.0E+02 3.6E+07 7.8E+14 5.4E-02 6.0E+01 1.0E+02 7.2E+07 1.6E+15 4.6E-02
STEAM
High wall and steam temperatures Low wall and steam temperatures
x (m) Twall- gB/v^2 air Gr(x) BL(x) x (m) Twall- gB/vA2 Gr(x) BL(x)
Tsteam (m) Tsteam air (m)
O.OE+00 1.OE+02 4.3E+07 O.OE+00 0.OE+00 O.OE+00 1.0E+02 1.4E+07 O.OE+00 O.OE+00
1.OE+00 1.OE+02 4.3E+07 4.3E+09 1.2E+03 1.OE+00 1.0E+02 1.4E+07 1.4E+09 9.2E+02
1.OE+01 1.0E+02 4.3E+07 4.3E+12 3.3E-02 1.OE+01 1.0E+02 1.4E+07 1.4E+12 4.4E-02
2.0E+01 1.OE+02 4.3E+07 3.4E+13 3.9E-02 2.0E+01 1.0E+02 1.4E+07 1.1E+13 5.2E-02
3.0E+01 1.0E+02 4.3E+07 1.2E+14 4.4E-02 3.0E+01 1.OE+02 1.4E+07 3.8E+13 5.8E-02
4.0E+01 1.OE+02 4.3E+07 2.8E+14 4.7E-02 4.0E+01 1.0E+02 1.4E+07 9.0E+13 6.2E-02
5.0E+01 1.0E+02 4.3E+07 5.4E+14 5.0E-02 5.0E+01 1.0E+02 1.4E+07 1.8E+14 6.6E-02
6.0E+01 1.0E+02 4.3E+07 9.3E+14 5.2E-02 6.0E+01 1.0E+02 1.4E+07 3.0E+14 6.9E-02
air
high T low T
BL(x) (m) BL(x) (m)
O.OE+00 O.OE+00
3.5E-02 2.9E-02
4.1E-02 3.5E-02
4.6E-02 3.8E-02
4.9E-02 4.1E-02
5.2E-02 4.4E-02
5.4E-02 4.6E-02
steam
high T low T
BL(x) BL(x)
(m) (m)
O.OE+00 0.OE+00
3.3E-02 1.1E+02
3.9E-02 2.1E+02
4.4E-02 3.1E+02
4.7E-02 4.1E+02
5.0E-02 5.1E+02
5.2E-02 6.0E+02
x (m)
O.OE+00
1.OE+01
2.OE+01
3.OE+01
4.0E+01
5.0E+01
6.0E+01
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APPENDIX D.
POOL-IEAT-TRANSFER EXPERIMENT
DATA REDUCTION AND ERROR ANALYSIS ROUTINES
D.1 Data Reduction Routine
The free convection heat transfer coefficient is determined by equating the heatup rate of
the pool with the heat flux into the pool. The expression used to calculate the heat
transfer coefficient was derived in chapter 5:
h = 1 1 pool(T -T .) (5-6)
FC A b pool p pooli+ pool,i
vessel pool submerged
The free convection heat transfer coefficient, hFc, can be expressed in terms of measured
parameters only:
1 1 1 H-T
hFc = 1 1 !.* H L(D 2 -D D 2 )C - T
= ( vessel - Tpool) H D At P p i p  pooli+ pool,i
vessel pool pi
1 1 1 1(2 2- ,(D- l)
-- =p-(D - D )C T - T
(T v T ) D  t 4 p, 0  p,i p i+  pooli
vessel-T Dol
where: At = ti+l-ti -- time interval between data aquisitions,
T pool, i -- average temperature measurement of the 10 thermocouples installed in
the pool at time i,
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T wol, i+l -- average temperature measurement of the 10 thermocouples installed in
the pool at time i+l,
T +T
T = -- time-average pool temperature during the interval At,pool 2
T +T
T = vess vesse,+ __- time-average outer vessel surface temperature
vessel 2
during the interval At,
Di -- inner diameter of the pool (= 4.5 in = 11.43 cm),
Do -- outer diameter of the pool (= 24 in = 60.96 cm),
p -- average density of the pool during the time interval At, and
C -- average heat capacity of the pool during the time interval At.
D.2 Error Analysis Routine
Errors and/or uncertainties affect all experimental parameters directly measured or
derived. The limited precision of the instrumentation and the potential for systematic bias
introduce errors in experimental data. Variations in the parameters measured also lead to
errors.
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Sirohi and Krishna [1983] give the most common method for determining experimental
uncertainties. Let y be the derived parameter and f the function used to calculate the
derived parameter from the measured parameters xl, x2, ..., x,:
y = f (XI, x2,...,Xj,..., Xn). (D-2)
The uncertainty associated with a derived parameter is calculated from:
) 2
E2 ay 2E2 I Ex (D-3)
where: Ey -- uncertainty in y,
x , x2,...,x, -- measured parameters, and
y -- the derived quantity.
Equation D-3 is valid for random, independent, or systematic errors of unknown sign.
For equation D-2, equation D-3 becomes:
hFC vessel ,pool) 2 At P
FC vessel - pool P
2 (D-4)
+p r a( pool,j+I -y pool,i T PO5
where the errors associated with the inner and outer pool diameter dimensions are
ignored.
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There are 10 thermocouples in the pool and 5 thermocouples on the steam vessel that are
used to obtain average temperature readings at each time step. Therefore, equation D-2
yields:
to aT to WT
1 w.i+l 1 9e10 = Twa 10 , = )
w,i+1 w,i
(D-5)
L(T vessel 1- T -;; 2(vesseli+l vessei
(Tvesselji+1 
-Tvessel,i)
)2
+ •,• ,and (D-6)
( () I , 2 ,2
-T -' w~ gI~i1r wij'
aTvessel pool 10 T wi+ 10 TW.T1T W=+vessel p w,i+ ) lw
(D-7)
Equation D-4 can be re-written in terms of measured parameters and their associated
uncertainties as:
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r 2
1 to _T____
10 =T( i i T w jz +
\, I \nc . (D-8)
2 ) 2 -g )2CAt p ac
- + +-
At
, o aT WaS1 10 wT.+ -I-
10w=I T 
.
The uncertainty associated with copper-constantan thermocouples is 0.5 'C [Omega
Catalog, 1993]. The uncertainty associated with the density and heat capacity of the
water was assumed to be 1 %. Equation D-8 was input into a Microsoft EXCEL 5.0
worksheet. The data reduction results and error analysis results are tabulated in tables D-
1 and D-2, respectively. The heat transfer coefficient uncertainty is below 2 %
throughout the test. The principle reason for such a small error is that the pool
thermocouples (all 10) were considered redundant instruments, and thus small uncertainty
was associated with temperature readings.
D.3 Moat Experiment Heat Loss Calculation
The heat losses through the external pool boundary can be estimated as the rate of heat
conduction through the PVC annulus. Because the radius of the annulus is large relative
to its thickness, a slab conduction calculation can be used:
Qloss = kpvc Aannulus (Tinside - Toutside) / tannulus, (D-9)
where: kpvc -- PVC conductivity (= 0.3 W/m-K),
Aannulus -- area through which loses occur,
Tinside -- temperature on the pool side of the PVC annulus (Tpool),
Toutside -- temperature on the outside of the PVC annulus, and
tannulus -- thickness of the PVC annulus.
h
'' •
|
')
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Table D.1a Moat Experiment Steam and Vessel Temperature Data
Temperatures (OC)
steam
sA s2
24
150
240
396
511
600
750
918
1078
1229
1409
1587
1686
1823
1950
2074
2305
2504
2670
2850
3088
3300
3512
3739
3940
4132
4284
4515
vessel
v3 v4 v5 v6 v7
sl s2104.202
104.750
105.109
104.342
104.963
105.260
105.593
105.568
105.957
104.992
104.550
103.991
104.859
115.295
115.295
114.342
114.180
114.309
114.960
115.268
115.452
115.135
115.160
125.425
124.593
124.821
125.503
125.682
104.905
105.457
105.818
105.046
105.226
105.523
105.858
105.833
106.223
105.255
105.446
104.883
105.758
116.283
116.283
115.322
115.159
115.289
115.561
115.870
116.056
115.737
115.762
126.080
125.244
125.184
125.868
126.047
Time (s)
72.146
72.545
73.452
72.785
73.059
73.130
73.371
74.213
74.924
74.620
75.388
75.211
76.045
83.267
83.564
83.424
83.789
84.360
84.534
85.164
85.879
85.805
86.414
93.851
93.568
93.273
94.138
94.946
72.205
73.494
74.344
75.032
75.969
76.239
77.885
79.638
80.833
80.879
82.396
82.969
84.098
91.723
92.362
92.679
93.441
94.947
95.910
97.084
98.439
98.642
100.416
108.318
108.608
109.432
111.030
112.681
72.305
73.620
74.487
75.209
76.168
76.445
78.135
79.938
81.097
80.867
82.383
82.955
84.083
91.707
92.346
92.660
93.645
95.167
96.138
97.323
98.692
98.900
100.629
108.540
108.838
109.670
111.278
112.730
72.390
73.726
74.608
75.358
76.337
76.387
78.066
79.854
81.007
80.774
82.508
83.089
84.222
91.853
92.498
92.819
93.887
95.428
96.410
97.609
98.993
99.207
100.959
108.363
108.655
109.481
111.081
112.525
72.476
73.835
74.732
75.511
76.509
76.559
78.120
79.920
81.079
80.848
82.592
83.179
84.316
92.033
92.686
93.033
94.116
95.675
96.667
97.878
99.161
99.379
101.141
108.549
108.847
109.679
111.287
112.737
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Table D. lb Moat Experiment Pool Temperature Data
Temperatures
(0C)
pool center region
wc8 wc9 wclO wcll wc12
10.230
10.028
11.388
10.756
10.951
11.599
11.197
12.530
13.875
15.238
16.581
17.432
18.258
19.447
19.628
10.454
12.770
13.853
16.779
18.577
20.223
25.256
28.262
31.295
34.371
37.399
40.855
42.756
45.540
45.965
24
150
240
396
511
600
750
918
1078
1229
1409
1587
1686
1823
1950
2074
2305
2504
2670
2850
3088
3300
3512
3739
3940
4132
4284
4515
10.799
13.191
14.310
17.332
19.190
20.890
26.090
29.195
32.015
34.368
37.395
40.851
11.047 11.3011
13.495 13.805
14.639 14.976
17.731 18.139
19.631 20.083
20.729 21.206
25.889 25.690
28.970 28.747
31.769 31.524
34.103 33.841
37.741 37.450
41.228 40.910
42.752 43.146 42.814
45.536 45.956 46.034
45.960 46.385 46.463
46.520 46.950 47.029
50.425 51.092 51.179
54.031 54.746 54.839
56.966 57.720 57.818
59.984 60.777 60.881
64.178 65.027 64.487
67.210 68.099 67.534
70.820 71.757 71.162
75.194 74.685 74.065
78.441 77.910 77.264
81.862 81.307 80.633
84.295 83.724 83.029
88.228 87.631 86.904
Ipool outer region
wo13 wo14 wo15 wo16 wo17
10.229
10.027
11.375
10.744
10.925
11.571
11.170
12.500
13.841
15.202
16.375
17.216
18.032
19.206
19.385
21.391
23.142
24.313
24.759
26.070
27.893
29.198
30.173
32.498
33.597
33.224
33.869
35.783
10.349
12.642
13.714
16.610
18.391
19.973
20.847
23.328
25.832
28.371
30.871
33.723
35.322
37.622
42.502
46.276
49.152
52.667
55.528
10.587
12.933
14.029
16.992
18.814
20.432
21.327
23.865
26.426
28.314
30.809
33.656
35.251
37.547
42.417
46.183
50.283
53.878
56.806
58.470 59.815
61.934 63.358
65.062 66.558
68.557 69.400
72.434 73.325
75.562 76.491
78.857 79.827
81.200 82.199
84.990 84.830
10.831 11.080
13.230 13.534
14.352 14.682
17.383 17.783
19.247 19.689
20.275 20.741
21.163 21.649
23.681 24.226
26.223 26.826
28.096 28.743
31.093 31.808
33.966 34.747
35.576 36.395
37.893 38.765
42.808 43.793
46.609 47.681
50.948 52.120
54.591 55.847
57.557 58.881
60.606 62.00
64.196 65.673
67.439 68.990
70.318 71.936
72.829 74.504
75.974 77.721
79.286 81.11(
81.643 83.52(
84.256 86.194
Time
(s)
21.659 46.529
23.433 50.435
24.618 54.042
24.818 56.978
26.133 59.996
27.960 64.191
29.228 67.223
30.203 70.468
32.531 74.820
33.631 78.051
33.257 81.454
34.246 83.875
35.844 87.789
_ __ _____
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Table D.2 Moat Experiment Error Calculations
Square of
av3/ av4/ av5/ av6/ av7/ awc8/ awc91 awc10 awc11 wc12 awo13 awol4 awo15 awo16 awol7 ar/r OCpl aTvl aTp/
v3 v4 v5 v6 v7 wc8 wc9 /w c11O w /wc12 /wo13 /wo14 /wo15 /wo16 /wo17 Cp Tv TpAt
4.80 4.80 4.78 4.77 4.76E 2.39E 2.29E 2.14E 2.05E 1.96E
E-05 E-05 E-05 E-05 -05 .03 -03 -03 -03 -03
4.75 4.63 4.61 4.60 4.59E 2.49E 1.53E 1.44E 1.37E 1.31E
E-05 E-05 E-05 E-05 -05 -03 -03 -03 -03 -03
4.63 4.52 4.51 4.49 4.48E 1.93E 1.30E 1.22E 1.17E 1.11E
E-05 E-05 E-05 E-05 -05 -03 -03 -03 -03 -03
4.72 4.44 4.42 4.40 4.38E 2.16E 8.88E 8.32E 7.95E 7.60E
E-05 E-05 E-05 E-05 -05 -03 -04 -04 -04 -04
4.68 4.33 4.31 4.29 4.27E 2.08E 7.24E 6.79E 6.49E 6.20E
E-05 E-05 E-05 E-05 -05 -03 -04 -04 -04 -04
4.67 4.30 4.28 4.28 4.27E 1.86E 6.11E 5.73E 5.82E 5.56E
E-05 E-05 E-05 E-05 -05 -03 -04 -04 -04 -04
4.64 4.12 4.09 4.10 4.10E 1.99E 3.92E 3.67E 3.73E 3.79E
E-05 E-05 E-05 E-05 -05 -03 -04 -04 -04 -04
4.54 3.94 3.91 3.92 3.91E 1.59E 3.13E 2.93E 2.98E 3.03E
E-05 E-05 E-05 E-05 -05 -03 -04 -04 -04 -04
4.45 3.83 3.80 3.81 3.80E 1.30E 2.55E 2.44E 2.48E 2.52E
E-05 E-05 E-05 E-05 -05 -03 -04 -04 -04 -04
4.49 3.82 3.82 3.83 3.82E 1.08E 2.12E 2.12E 2.15E 2.18E
E-05 E-05 E-05 E-05 -05 -03 -04 -04 -04 -04
4.40 3.68 3.68 3.67 3.66E 9.09E 1.79E 1.79E 1.76E 1.78E
E-05 E-05 E-05 E-05 -05 -04 -04 -04 -04 -04
4.42 3.63 3.63 3.62 3.61E 8.23E 1.50E 1.50E 1.47E 1.49E
E-05 E-05 E-05 E-05 -05 -04 -04 -04 -04 -04
4.32 3.53 3.54 3.52 3.52E 7.50E 1.37E 1.37E 1.34E 1.36E
E-05 E-05 E-05 E-05 -05 -04 -04 -04 -04 -04
3.61 2.97 2.97 2.96 2.95E 6.61E 1.21E 1.21E 1.18E 1.18E
E-05 E-05 E-05 E-05 -05 -04 -04 -04 -04 -04
3.58 2.93 2.93 2.92 2.91E 6.49E 1.18E 1.18E 1.16E 1.16E
E-05 E-05 E-05 E-05 -05 -04 -04 -04 -04 -04
3.59 2.91 2.91 2.90 2.89E 5.33E 1.15E 1.16E 1.13E 1.13E
E-05 E-05 E-05 E-05 -05 -04 -04 -04 -04 -04
3.56 2.86 2.85 2.84 2.82E 4.55E 9.83E 9.83E 9.58E 9.54E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
3.51 2.77 2.76 2.75 2.73E 4.13E 8.56E 8.56E 8.34E 8.31E
E2-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
3.50 2.72 2.70 2.69 2.68E 4.06E 7.70E 7.70E 7.50E 7.48E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
3.45 2.65 2.64 2.62 2.61E 3.66E 6.95E 6.95E 6.77E 6.74E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
3.39 2.58 2.57 2.55 2.54E 3.20E 6.07E 6.07E 5.91E 6.01E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
3.40 2.57 2.56 2.54 2.53E 2.93E 5.53E 5.53E 5.39E 5.48E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
3.35 2.48 2.47 2.45 2.44E 2.74E 5.03E 4.98E 4.86E 4.94E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
2.84 2.13 2.12 2.13 2.12E 2.36E 4.47E 4.42E 4.48E 4.56E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
2.86 2.12 2.11 2.12 2.11E 2.21E 4.10E 4.06E 4.12E 4.19E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
2.87 2.09 2.08 2.09 2.08E 2.26E 3.77E 3.73E 3.78E 3.85E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
2.82 2.03 2.02 2.03 2.02E 2.13E 3.55E 3.52E 3.57E 3.63E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
2.77 1.97 1.97 1.97 1.97E 1.95E 3.24E 3.21E 3.26E 3.31E
E-05 E-05 E-05 E-05 -05 -04 -05 -05 -05 -05
Square 
of
2.39E 2.33E 2.23E 2.13E 2.04E 1.00 1.00 9.56 2.19
-03 -03 -03 -03 -03 E-02 E-02 E-06 E-06
2.49E 1.56E 1.49E 1.43E 1.36E 1.00 1.00 9.27 1.65
-03 -03 -03 -03 -03 E-02 E-02 E-06 E-06
1.93E 1.33E 1.27E 1.21E 1.16E 1.00 1.00 9.05 1.36
-03 -03 -03 -03 -03 E-02 E-02 E-06 E-06
2.17E 9.06E 8.66E 8.27E 7.91E 1.00 1.00 8.95 1.10
-03 -04 -04 -04 -04 E-02 E-02 E-06 E-06
2.09E 7.39E 7.06E 6.75E 6.45E 1.00 1.00 8.75 9.62
-03 -04 -04 -04 -04 E-02 E-02 E-06 E-07
1.87E 6.27E 5.99E 6.08E 5.81E 1.00 1.00 8.72 8.46
-03 -04 -04 -04 -04 E-02 E-02 E-06 E-07
2.00E 5.75E 5.50E 5.58E 5.33E 1.00 1.00 8.42 7.73
-03 -04 -04 -04 -04 E-02 E-02 E-06 E-07
1.60E 4.59E 4.39E 4.46E 4.26E 1.00 1.00 8.09 6.17
-03 -04 -04 -04 -04 E-02 E-02 E-06 E-07
1.30E 3.75E 3.58E 3.64E 3.47E 1.00 1.00 7.88 5.05
-03 -04 -04 -04 -04 E-02 E-02 E-06 E-07
1.08E 3.11E 3.12E 3.17E 3.03E 1.00 1.00 7.92 4.26
-03 -04 -04 -04 -04 E-02 E-02 E-06 E-07
9.32E 2.62E 2.63E 2.59E 2.47E 1.00 1.00 7.64 3.58
-04 -04 -04 -04 -04 E-02 E-02 E-06 E-07
8.44E 2.20E 2.21E 2.17E 2.07E 1.00 1.00 7.57 3.13
-04 -04 -04 -04 -04 E-02 E-02 E-06 E-07
7.69E 2.00E 2.01E 1.98E 1.89E 1.00 1.00 7.37 2.85
-04 -04 -04 -04 -04 E-02 E-02 E-06 E-07
6.78E 1.77E 1.77E 1.74E 1.66E 1.00 1.00 6.19 2.51
-04 -04 -04 -04 -04 E-02 E-02 E-06 E-07
6.65E 1.38E 1.39E 1.36E 1.30E 1.00 1.00 6.11 2.33
-04 -04 -04 -04 -04 E-02 E-02 E-06 E-07
5.46E 1.17E 1.17E 1.15E 1.10E 1.00 1.00 6.08 2.00
-04 -04 -04 -04 -04 E-02 E-02 E-06 E-07
4.67E 1.03E 9.89E 9.63E 9.20E 1.00 1.00 5.97 1.70
-04 -04 -05 -05 -05 E-02 E-02 E-06 E-07
4.23E 9.01E 8.61E 8.39E 8.02E 1.00 1.00 5.81 1.51
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-07
4.08E 8.11E 7.75E 7.55E 7.21E 1.00 1.00 5.71 1.42
-04 -05 -05 -05 -05 E-02 E-02 E-06 E2-07
3.68E 7.31E 6.99E 6.81E 6.50E 1.00 1.00 5.59 1.28
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-07
3.21E 6.52E 6.23E 6.07E 5.80E 1.00 1.00 5.45 1.13
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-07
2.93E 5.91E 5.64E 5.50E 5.25E 1.00 1.00 5.44 1.03
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-07
2.75E 5.32E 5.19E 5.06E 4.83E 1.00 1.00 5.28 9.51
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-08
2.37E 4.762E 4.65E 4.71E 4.50E 1.00 1.00 4.54 8.39
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-08
2.21E 4.38E 4.27E 4.33E 4.14E 1.00 1.00 4.53 7.78
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-08
2.26E 4.02E 3.92E 3.98E 3.80E 1.00 1.00 4.48 7.61
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-08
2.18E 3.79E 3.70E 3.75E 3.58E 1.00 1.00 4.37 7.22
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-08
1.95E 3.46E 3.47E 3.52E 3.37E 1.00 1.00 4.26 6.58
-04 -05 -05 -05 -05 E-02 E-02 E-06 E-08
ahih
1.7015
1.8649
1.6249
1.7246
1.8637
1.6274
1.596
1.604
1.6171
1.5748
1.5752
1.7837
1.6368
1.6591
1.6676
1.5216
1.5417
1.5761
1.5579
1.5139
1.5283
1.5276
1.5152
1.5302
1.5377
1.5888
1.5088
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The pool-side temperature is actually smaller than the average bulk temperature because
there is a boundary layer for convection along the PVC annulus. However, using the
larger pool-water temperature in equation D-9, results in an overestimation of heat losses
and is thus conservative for these calculations. The outside wall temperature of the
annulus was measured with a portable thermometer. Table D.3 lists the heat loss
measurements and computations; the heat transfer to the pool is also tabulated because
the heat loss percentage was calculated as:
% QIoss = QIoss/Qpool 100. (D- 10)
The heat losses are very small at the beginning of data collection when the pool
temperature is low. Heat losses reach a maximum of less than 6% at the end of the data
collection when the pool temperature is highest.
Table D.3 Heat Loss Data
Time (min) Tpvc Qpool Qpvc %Qloss
(°C) (W) (W)
12.5 18.3 2.70E+04 8.29E+01 0.31
26.5 21.4 2.71E+04 5.56E+02 2.05
44.5 33.2 2.59E+04 8.51E+02 3.29
65.7 42.5 2.44E+04 1.28E+03 5.25
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